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The Biomechanics and Evolution of Shark Teeth 
 
Lisa Beth Whitenack 
 
ABSTRACT 
 
 
 
 Measuring the effects of morphology on performance, and performance on 
fitness, is necessary to gain a full picture of selection, adaptation, ecology, and evolution. 
The performance of an organism’s feeding apparatus, of which teeth are an integral part, 
has obvious implications for its fitness and survival.  Extant shark teeth encompass a 
wide variety of shapes, and are often ascribed qualitative functions without any 
biomechanical testing, employing terminology such as gripping, piercing, crushing, 
cutting, or tearing.  Additionally, teeth also comprise the vast majority of the fossil record 
of sharks. Therefore to understand the evolution of the shark feeding mechanism, we 
must understand the contribution of all parts of the feeding apparatus, including the teeth.  
Performance testing of extant and extinct shark teeth, nanoindentation of shark teeth, 
finite element analysis of tooth morphology, and phylogenetically informed analyses of 
shark tooth morphology and ecology were employed to elucidate the relationship 
between performance, ecology, and evolution. Performance testing of teeth in puncture 
and draw revealed few morphological patterns, indicating that most morphologies are 
functionally equivalent. Finite element modeling of teeth in puncture, draw, and holding 
showed that shark teeth are structurally strong and unlikely to fail during feeding. 
 vii
Evolutionary analyses of tooth shape and ecology showed no relationship between 
morphology, habitat, and diet. These results have significant implications for the shark 
paleontology, where the shapes of shark teeth are used to make assumptions about 
ecology and evolution. 
  
Introduction 
 
Functional morphology seeks to explain the relationship between form, that is the 
shape of the feature in question, and function, how a feature works or what it does (Bock 
and von Walhert, 1965; Dullemeijer and Barel, 1977).  The exploration of this 
relationship can be used to infer biological role (how the feature is used in the context of 
its environment) and adaptive scenarios, which in turn become starting points for other 
evolutionary questions, such as the origin or evolutionary consequences of the features in 
question (Plotnick and Baumiller, 2000).  Biomechanics, the application of quantitative 
engineering techniques to determine how organisms perform mechanical functions, the 
design of morphological systems, and the relationship of these to the organism’s 
environment, is one way to explore functional morphology  (Lauder, 1991; Biewiner, 
1992; Koehl, 1996).  Biomechanics allows functional properties of biological structures 
and the ability of an organism to carry out these functions (performance) to be quantified 
and their effects on biological role to be tested (Koehl, 1996; Plotnick and Baumiller, 
2000). 
Measuring the links between morphology, performance, and fitness is necessary 
to gain a full picture of selection and adaptation (Bock, 1980; Arnold, 1983; Wainwright, 
1996). A number of recent studies of vertebrate functional morphology have specifically 
addressed feeding, as the performance of an organism’s feeding apparatus has obvious 
implications for its fitness and survival (Biknevicius et al., 1996; Evans and Sanson, 
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1998; Deufel and Cundall, 1999; Schwenk, 2000; Dumont et al., 2005; Jones, 2008). 
Though many of functional morphological studies on feeding focus on osteichthyans 
(Lauder, 1980; Bemis and Lauder, 1986; Wainwright, 1988; Dutta, 1992; Sanford, 2001; 
Konow and Sanford, 2008), there are a growing number that incorporate chondrichthyans 
(Springer, 1961; Moss, 1977; Frazzetta, 1994; Motta, 2004; Dean et al., 2008; Motta et 
al., 2008).  The majority of studies of elasmobranchs concern muscle function and the 
movement of cranial components, while the role of teeth has largely been ignored despite 
the fact that they are an important part of the feeding apparatus (but see Ramsay, 2007; 
Dean, 2008). The cartilaginous nature of the skeleton and continuous tooth replacement 
have lead to a chondrichthyan fossil record composed primarily of teeth. This makes 
fossilzed teeth our primary tool for studying shark evolution through the over 400 million 
years of their existence. When exploring functional morphology in extant animals, not 
only can the structure of the organ in question be analyzed, but also behavior and 
physiology can be observed to support hypotheses made based on structure. However, 
behavior cannot be directly fossilized and is lost when studying the functional 
morphology of extinct animals.  This limits the investigator, who may only able to use 
structure and paleoenvironmental data to reconstruct function (Reif, 1983).  Even so, the 
precision with which function can be inferred is limited by the degree of structural 
information available (Plotnick and Baumiller, 2000). Therefore, studying the functional 
morphology of shark teeth not only elucidates the biological role that teeth play in 
feeding, but also provides insight specifically into the evolution of shark feeding as teeth 
are often the only structures available in the fossil record (Carroll, 1988). 
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Ecomorphological studies investigate the interactions of morphology, ecology, 
behavior, and performance (Williams, 1972; Karr and James, 1975; Bock, 1994). Due to 
the close relationship between these parameters, it is assumed that evolution of 
morphology and ecology are tightly correlated (Losos, 1990), resulting in the predictive 
power of one to the other (Weins and Rotenberry, 1980; Motta and Kotrschal, 1992). 
Shark tooth morphotypes and their presumed function present an interesting test of this 
ecomorphological paradigm. Extant shark teeth encompass a wide variety of shapes, 
including teeth with triangular serrated cusps, oblique serrated and non-serrated cusps, 
notched serrated cusps, non-serrated recurved cusps, multicusped teeth, and flattened 
tooth pavements. These teeth perform a variety of biological functions including 
grasping, cutting and crushing, though performance testing has not been applied to shark 
teeth. Consequently, tooth forms are often ascribed qualitative functions without any 
biomechanical testing (Cappetta, 1986, 1987; Motta, 2004). Small teeth with lateral 
cusplets are characterized as “clutching-type”. These are found within the Orectolobidae, 
Ginglymostomidae, Squatinidae, and Scyliorhinidae. “Tearing-type” teeth have narrow, 
tall cusps and are usually not serrated; examples include teeth of the lamniform Isurus 
and Mitsukurina species. Teeth whose crowns are lingo-labially flattened and widen 
towards the base are “cutting-type”; many of the Carcharhinidae fall into this category. 
Molariform teeth, such as those found in the heterodontids and many batoids, fall into 
“crushing-type” or “grinding-type” (Moss, 1977; Cappetta, 1987; Frazzetta, 1988). These 
categories are by no means exclusive. Heterodontus have clutching teeth anteriorly and 
crushing teeth posteriorly, while Isurus has tearing teeth anteriorly and cutting teeth 
laterally (Cappetta, 1987). 
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Inevitably, links between these functional morphotypes and ecology are made. 
For example, sharks with clutching teeth are often benthic or benthopelagic and 
presumably seize elusive midwater prey. Elasmobranchs with crushing dentition tend to 
prey upon hard prey such as bivalves and mollusks, as well as small fishes and 
cephalopods; they tend to be benthic or benthopelagic (Cappetta, 1987). Those with 
grinding dentitions are usually benthic and also feed upon hard prey (Reif, 1976; 
Nobiling, 1977; Cappetta, 1987; Summers et al., 2004). These relationships lead to 
predictions about ecology for taxa where information about diet and habitat are lacking.  
For example, Chlamydoselachus anguineus, the frilled shark, is a poorly known 
deepwater shark. It has been predicted that this shark feeds on cephalopods and bottom 
associated fishes based on its tooth morphology (Compagno, 2001). 
Fossil sharks have exhibited a wide diversity of tooth morphologies, many of 
which are not found in extant forms.  Given the abundance of teeth in the fossil record, 
compared to other parts of the body, tooth morphology has been used to divide sharks 
into different evolutionary levels: cladodont, hybodont, and modern.  These levels are 
also supported by other characteristics, such as jaw and fin structure (Schaeffer, 1967).  
These levels reflect general trends and do not imply specific evolutionary relationships.  
Zangerl (1981) lists a number of species with cladodont-level tooth morphologies that are 
not closely related to each other, based on non-dental characters. 
The cladodont level represents the earliest sharks, found mainly from the Middle 
Devonian (391 mya) to the Pennsylvanian (323 mya).  Most of the genera included in this 
level possess cladodont teeth.  This morphology has a large medial cusp with numerous 
lateral cusplets on each side, with a flattened disk-like base (Schaeffer, 1967). The 
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xenacanth tooth morphology is also included in the cladodont level, though it does not 
appear until the Early Carboniferous (Schaeffer, 1967; Benton, 1997).  This morphology 
is best illustrated by Xenacanthus.  The medial cusp is the smallest, with larger lateral 
cusps on each side (Schaefer, 1967).   
The hybodont level sharks may have existed as early as the Devonian, but were 
the dominant group from the Triassic (248 mya) to the Jurassic (206 mya) (Schaeffer, 
1967; Maisey, 1982).  The morphology of the teeth of hybodont level sharks was much 
less generalized than those of the cladodont level. Tooth morphology is either 
multicusped, though in a less dramatic fashion than the cladodonts, or molar-like. The 
medial cusp in the multicusped teeth varies in height from much taller to almost the same 
height as the lateral cusplets (Cappetta, 1987). Modern elasmobranchs first appear in the 
late Paleozoic and became the dominant group during the Cretaceous (144 to 65 mya) 
(Benton, 1997).   
  Due to the cartilaginous nature of the skeleton, the same tendency to predict 
ecology and function from tooth morphology exists for fossil chondrichthyan teeth 
(Peyer, 1968; Cappetta, 1987; Williamson et al., 1993; Cicimurri, 2000, 2004; Stahl and 
Parris, 2004). For example, the Jurrasic shark Sphendous has high crowned teeth (tearing 
type) and has been hypothesized to eat soft-bodied invertebrates, while cochliodont 
holocephalans are hypothesized to be durophagous based on their molariform dentition 
(Peyer, 1968; Cappetta, 1987). Inferences about shark evolution are also often made 
based on tooth morphology (Schaeffer, 1967; Maisey, 1982). For example, it has been 
hypothesized that selection for larger bladed teeth occurred with a change to a 
macrophagous diet (Williams, 2001).  
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 Tooth function 
 The vast majority of tooth function studies have been performed on mammals 
(e.g. Churcher, 1985; Van Valkenburgh and Ruff, 1987; Van Valkenburgh, 1988; 
Freeman, 1992; Lucas et al., 1994; Biknevicius et al., 1996; Evans and Sanson, 1998; 
Fenton et al., 1998; Evans and Sanson, 2005; Freeman and Lemen, 2007).  While a large 
number of functional morphological studies of teeth address osteichthyans (e.g. 
Wainwright, 1987; Kotrshal and Goldschmidt, 1992; Hernandez and Motta, 1997; 
Wautier et al., 2001), comparatively few studies exist for shark teeth (Nobiling, 1977; 
Frazzetta, 1988; Powlik, 1995; Ramsay and Wilga, 2007; Dean et al., 2008). Frazzetta 
(1988) was the first to specifically address the biomechanics of cutting in shark teeth and 
its relation to form.  Applying blades and teeth from various shark species to compliant 
materials, he observed that smooth, slender teeth, such as those of the mako shark Isurus 
oxyrinchus, appeared better suited for puncturing and piercing.  The recurved tips of 
these teeth could possibly enhance the probability of initial prey penetration, as 
hypothesized for snakes with similar teeth (Frazzetta, 1966; Cundall and Deufel, 1999; 
Deufel and Cundall, 1999). Serrated teeth, such as those of the white shark Carcharodon 
carcharias and tiger shark Galeocerdo cuvier, appeared to be more useful for slicing and 
cutting, though are more susceptible to binding of the teeth in prey than the smooth, non-
serrated teeth.   
Though the majority of his study was on teeth of carnivorous dinosaurs, Abler 
(1992) included fossil teeth from Carcharodon sp.  He qualitatively tested three 
hypotheses about the mechanics of cutting for smooth and serrated teeth and found that 
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serrated blades trap material between serrations and thus rip tissues as they are carried by 
the tooth. Smooth blades concentrate a large force on the cutting edge, creating high 
pressure that “crushes” the material beneath it, producing the cut.  Results also indicated 
that the act of drawing the tooth across the substrate has different functions with respect 
to cut propagation, depending on whether the tooth is smooth or serrated.  In serrated 
teeth, the draw provides the motion required by the “grip and rip” hypothesis.  In smooth 
teeth, the draw breaks the frictional grip between the blade and substrate, allowing all of 
the applied downward force to rest on the cutting edge.   
Several studies have addressed the orientation of teeth with respect to the jaw and 
its role during feeding. One study suggests that the inward turned tips of the anterior teeth 
of the white shark Carcharodon carcharias may make gouging and grasping of prey 
more efficient (Powlik, 1995).  It is also hypothesized that the more labially inclined 
upper anterior teeth of the sand tiger shark Carcharias taurus puncture prey, while the 
more lingually inclined lower anterior teeth may be used for initial prey grasping 
(Lucifora et al., 2001). More recent studies focus on reorientation of teeth during feeding 
and their dual roles in gripping and either crushing or protecting the jaw as it hits the 
seafloor (battering) (Ramsay and Wilga, 2007; Dean et al., 2008). In general, the 
biomechanics of the tooth itself have been ignored, including the structural mechanics of 
the tooth.  
Chondrichthyans are capable of producing a range of bite forces. Static 
equilibrium models calculate the average anterior bite force for Etmopterus spinax to be 
1.01 N (mean SL = 32.5 cm) (Claes & Malefet, unpublished data), while a bite force of 
19.6 N was calculated for  a 45.1 cm SL Squalus acanthias (Huber and Motta, 2004). The 
 7
highest calculated bite forces are well over 1000 N.  Static equilibrium models estimate 
the posterior theoretical bite force of the great hammerhead Sphyrna mokarran (4.3 m 
TL) to be 6080 N (Mara et al., unpublished data); finite element models of a 6.4 m TL 
white shark, Carcharodon carcharias, estimate bite forces of 9320 N anteriorly and 
18216 N posteriorly (Wroe et al., 2008). As teeth are subjected to these sometimes 
extreme loads during feeding, they may undergo stress, strain, and potentially failure. 
Teeth do not heal; to continue performing their biological role, teeth must resist breakage 
until they are shed. While performance is certainly subject to natural selection (Arnold, 
1983; Bennet, 1991), attributes related to structural strength such as material properties 
and overall shape may also be subjected to natural selection (Erickson et al., 2002; Lucas 
et al., 2008). Therefore, both prey processing ability and structural parameters must be 
considered to understand the evolution of shark teeth.   
 
Shark tooth materials 
Shark teeth can be divided into two zones: the crown and the root or base. Shark teeth are 
also composite material structures, with two distinct structural components: a central core 
of dentine covered by enameloid, an enamel-like substance formed from both 
odontoblasts and ameloblasts (Poole, 1967a). Some elasmobranchs also have a central 
pulp cavity (orthodont teeth), while in others the root extends into the central core of the 
crown (osteodont teeth) (Cappetta, 1987; Compagno, 1988).  
Enameloid is a highly mineralized tissue, composed primarily of hydroxyapatite 
crystallites. These crystallites are arranged in bundles that vary in orientation depending 
on the location within the tooth (Poole, 1967a; Gillis and Donoghue, 2007). In modern 
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sharks, these bundles tend to align into three layers: a thin superficial layer with 
randomly arranged single cystallites (shiny layer enameloid, SLE), followed by a 
parallel-fibered layer (PFE), and an innermost tangled-fiber layer (TFE) (Gillis and 
Donoghue, 2007). Previous work has shown that the PFE imparts tensile strength, while 
the TFE provides resistance to compressive forces (Preuschoft et al., 1974). Together, 
shark enameloid forms a layer that is 0.2-0.9 mm thick (Preuschoft et al., 1974). While 
Devonian cladodont sharks lacked enameloid on their teeth, Mississippian cladodont 
teeth, as well as xenacanthids, have a thin enameloid layer (Dean, 1909; Goto, 1991). 
Hybodont sharks with multicuspid teeth also have a thin layer of enameloid, but those 
with molariform teeth do not (Goto, 1991).  
Elasmobranch dentine is composed of mineralized collagenous tissue (Bradford, 
1967; Johansen, 1967). Two types of dentine occur in shark teeth. Osteodentine 
superficially resembles spongy bone; the dentine surrounds vascular canals, similar to 
osteons. Orthodentine does not contain dental osteons. Instead it contains smaller parallel 
branching tubules that provide a banded appearance (Compagno, 1988). Osteodentine 
forms the base in all shark teeth.  The crown can be composed primarily of either 
orthodentine (orthodont), such as the teeth of carcharhiniform sharks, or osteodentine 
(osteodont), as in lamniform sharks (Mertinene, 1982; Compagno, 1988). Cladodont and 
hybodont teeth tend to be composed of both orthodentine and osteodentine, while 
xenacanthid teeth are composed only of orthodentine (Goto, 1991). Despite a prolific data 
base on mammalian tooth properties, especially humans (e.g. Waters, 1980; Brear et al., 
1990), the material properties of shark teeth and their components have not been studied 
to date.  
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 Goals and hypotheses 
The overall goal of this study was to investigate the biomechanics and evolution 
of extant and extinct shark teeth. All parts of this study revolve around tooth morphology, 
as tooth forms are often ascribed qualitative functions without any biomechanical testing, 
and morphology is used to infer function and ecology in both extant and extinct sharks. 
For the first part of this study, I measured the performance of teeth in puncture and 
unidirectional draw for ten species of extant shark and three extinct shark clades during 
puncture and unidirectional draw (cutting). The hypothesis for this portion of the study is 
that performance is determined by tooth morphology. The specific goals of this portion of 
the study were to: (1) Determine the forces necessary for individual teeth to penetrate a 
variety of fish and crustacean prey representative of shark diets; (2) Determine what 
differences in penetration force and efficiency occur among tooth types; (3) Compare 
performance between different cutting regimes for a given tooth morphology and (4) 
Determine which morphological aspects, if any, of tooth shape are predictive of tooth 
performance. These results have implications for studies of fossil chondrichthyans, where 
typically tooth morphology is used to predict feeding ecology in the absence of 
behavioral data (Peyer, 1968; Zangerl, 1981; Lund, 1985, 1990; Whitenack et al., 2002; 
Elliott et al., 2004). 
In the second part of the study, the structural mechanics of fossil and extant shark 
teeth were investigated. The first goal was to determine the material properties for 
enameloid, osteodentine, and orthodentine via nanoindentation. The hardness and elastic 
modulus of these tissues is not known, and is necessary for the second portion of this 
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study. I then used finite element analysis to visualize stress distributions of fossil and 
extant shark teeth during puncture, unidirectional draw (cutting), and holding. The 
specific goals for this portion of the study were to determine if tooth morphologies are 
more structurally strong during one loading regime versus another and to examine the 
role of morphological features, such as notches or cusp shape, on stress distribution.   
For the last part of the study, I employed phylogenetic comparative methods to 
test, within an evolutionary context, whether a relationship exists between shark tooth 
morphology and ecology. While connections between shark tooth morphology, ecology, 
and evolution are often cited, the existence of a firm relationship between tooth 
morphology and ecology has not been rigorously tested. Based on ecomorphological 
principles, I hypothesize that diet and habitat are predictive of shark tooth shape. 
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Chapter 1: Performance of Shark Teeth during Puncture and Draw: 
Implications for the Mechanics of Cutting 
 
Abstract 
The performance of an organism’s feeding apparatus has obvious implications for its 
fitness and survival. However, the majority of studies that focus on chondricthyan 
feeding tend to address muscle function and the movement of cranial components, while 
the role of teeth has largely been ignored, despite the fact that they shark teeth vary 
greatly in morphology and are instrumental in prey procurement and processing. 
Studying the functional morphology of shark teeth not only elucidates the biological role 
that teeth play in feeding, but also provides insight specifically into the evolution of shark 
and vertebrate feeding. In this study, I investigate the performance of two general 
categories of extant teeth, tearing-type and cutting-type, as well as three fossil 
morphologies. The goals of this study are to: (1) Determine the forces necessary for 
individual teeth to penetrate a variety of fish and crustacean prey representative of shark 
diets; (2) Determine what differences in penetration force and efficiency occur among 
tooth types; (3) Compare performance between different cutting regimes for a given tooth 
morphology and (4) Determine which morphological aspects, if any, of tooth shape are 
predictive of tooth performance. To determine the loads experienced by shark teeth 
during puncture and unidirectional draw, teeth from ten extant shark species and three 
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fossil species were tested with a MTS MiniBionix II universal testing system. Puncture 
forces were determined by driving teeth into a variety of prey items (teleost, 
elasmobranch, and crab) at 400 mm/s. For unidirectional draw, teeth were embedded in a 
teleost prey item and drawn in parallel at 400 mm/s. Differences in puncturing 
performance occurred among different prey items, indicating that not all “soft” prey 
items are alike. The majority of teeth were able to puncture different prey items, and 
differences in puncture performance also occurred among tooth types; however, few 
patterns emerged. Force to puncture was less than the maximum force that occurred 
during draw tests, however there were no differences between the maximum draw forces 
and maximum puncture forces. Few morphological patterns were identified. In some 
cases, broader triangular teeth were less effective at puncturing than narrow-cusped teeth. 
Teeth from Galeocerdo cuvier, Prionace glauca,Hexanchus griseus, and Sphyrna 
mokarran were unable to puncture many of “soft” prey items. The flat surface of the 
tooth-prey contact may decrease stress on the prey item to the extent that puncture 
(failure) is not possible. No morphological characteristics were correlated with maximum 
draw force. Many of the shark teeth in this study were not only able to perform draw and 
puncture equally well, but tooth morphologies were functionally equivalent to each other. 
This does not support the use of tooth morphology to predict biological role. 
 
Introduction 
Measuring the effects, or lack thereof, of morphology on performance, and performance 
on fitness, is necessary to gain a full picture of selection, adaptation, ecology, and 
evolution (Bock, 1980; Arnold, 1983; Wainwright, 1996). The performance of an 
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organism’s feeding apparatus has obvious implications for its fitness and survival.  In this 
vein, a number of recent studies of vertebrate functional morphology have specifically 
addressed feeding (Biknevicius et al., 1996; Evans and Sanson, 1998; Deufel and 
Cundall, 1999; Schwenk, 2000; Dumont et al., 2005; Jones, 2008).  The functional 
morphology of feeding in extant fishes has been studied in detail. Though many of these 
studies focus on osteichthyans (Lauder, 1980; Bemis and Lauder, 1986; Wainwright, 
1988; Dutta, 1992; Sanford, 2001; Konow and Sanford, 2008), there are a growing 
number that focus on chondrichthyans (Springer, 1961; Moss, 1977; Frazzetta, 1994; 
Motta, 2004; Dean et al., 2008; Motta et al., 2008).  However, the majority of studies on 
elasmobranchs concern muscle function and the movement of cranial components, while 
the role of teeth has largely been ignored, despite the fact that they are instrumental in 
prey procurement and processing (but see Ramsay, 2007; Dean, 2008). Studying the 
functional morphology of shark teeth not only elucidates the biological role that teeth 
play in feeding, but also provides insight specifically into the evolution of shark and 
vertebrate feeding, as sharks represent an early offshoot of vertebrate life (Carroll, 1988). 
The teeth of elasmobranchs (sharks, skates and rays) are characterized by 
ligamentous attachment to the cartilaginous jaws (Reif, 1982).  The teeth are attached to 
the margins of the mouth by Sharpey’s fibers, which run from the dentine to the dermis 
of the dental lamina, not to the jaw cartilage itself (Moss, 1970). The nature of this 
attachment gives teeth some degree of lingo-labial flexibility, which may facilitate tooth 
penetration, allow teeth to be deflected when hard materials are encountered during 
feeding, or to improve cutting during head shaking (Frazzetta and Prange, 1987; 
Frazzetta, 1994; Powlik, 1995; Ramsay and Wilga, 2007; Dean et al., 2008). 
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Extant shark teeth encompass a wide variety of shapes, including teeth with 
triangular serrated cusps, oblique serrated and non-serrated cusps, notched serrated cusps, 
non-serrated recurved cusps, multicusped teeth, and flattened tooth pavements. Shark 
teeth perform a variety of biological functions including grasping, cutting and crushing, 
however performance testing has never been applied to shark teeth. Consequently, tooth 
forms are often ascribed qualitative functions without any biomechanical testing 
(Cappetta, 1986, 1987; Motta, 2004). Small teeth with lateral cusplets are characterized 
as “clutching-type”. These are found within the Orectolobidae, Ginglymostomidae, 
Squatinidae, and Scyliorhinidae. “Tearing-type” teeth have narrow, tall cusps and are 
usually not serrated; examples include teeth of the lamniform Isurus and Mitsukurina 
species. Teeth whose crowns are lingo-labially flattened and widen towards the base are 
“cutting-type”; many of the Carcharhinidae fall into this category. Molariform teeth, such 
as those found in the heterodontids and many batoids, fall into “crushing-type” or 
“grinding-type” (Moss, 1977; Cappetta, 1987; Frazzetta, 1988). These categories are by 
no means exclusive. Heterodontus have clutching teeth anteriorly and crushing teeth 
posteriorly, while Isurus has tearing teeth anteriorly and cutting teeth laterally (Cappetta, 
1987). 
Tooth function has been explored in a number of vertebrates; however, the 
majority of studies have been performed on mammals (e.g. Lucas, 1982; Churcher, 1985; 
Van Valkenburgh and Ruff, 1987; Van Valkenburgh, 1989; Freeman, 1992; Lucas et al., 
1994; Biknevicius et al., 1996; Freeman and Weins, 1997; Evans and Sanson, 1998; 
Evans and Sanson, 2005; Evans et al., 2007; Freeman and Lemen, 2007).  While a large 
number of functional morphological studies of teeth address osteichthians (e.g. 
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Wainwright, 1987; Kotrshal and Goldschmidt, 1992; Hernandez and Motta, 1997; 
Wautier et al., 2001), comparatively few studies exist for shark teeth (Nobiling, 1977; 
Frazzetta, 1988; Powlik, 1995; Ramsay and Wilga, 2007; Dean et al., 2008). Frazzetta 
(1988) was the first to specifically address the biomechanics of cutting in shark teeth and 
its relation to form.  Applying metal blades, rubber blades, and teeth from various shark 
species to compliant materials, he observed that smooth, slender teeth, such as those of 
the mako shark Isurus oxyrinchus, appeared better suited for puncturing and piercing.  
The recurved tips of these teeth could possibly enhance the probability of initial prey 
penetration. Serrated teeth, such as those of the white shark Carcharodon carcharias, 
appeared to be more useful for slicing and cutting, though are more susceptible to binding 
of the teeth in prey than the smooth, non-serrated teeth.   
Though most of his study was on the dinosaur Tyrannosaurus rex, Abler (1992) 
included fossil teeth from Carcharodon sp.  He qualitatively tested three hypotheses 
about the mechanics of cutting for smooth and serrated teeth and found that serrated 
blades trap material between serrations and thus rip tissues as they as carried by the tooth. 
Smooth blades concentrate a large force on the cutting edge, creating high pressure that 
“crushes” the material beneath it, producing the cut.   
In this study, I investigated the performance of two general categories of extant 
teeth, tearing-type and cutting-type, as well as three fossil morphologies. The goals of 
this study are to: (1) Determine the forces necessary for individual teeth to penetrate a 
variety of fish and crustacean prey representative of shark diets; (2) Determine what 
differences in penetration force and efficiency occur among tooth types; (3) Compare 
performance between different cutting regimes for a given tooth morphology and (4) 
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Determine which morphological aspects, if any, of tooth shape are predictive of tooth 
performance. Here we report the results of performance testing of teeth in puncture and 
unidirectional draw for ten species of extant shark and three extinct shark clades. These 
results have implications for studies of fossil chondrichthyans, where typically tooth 
morphology is used to predict feeding ecology in the absence of behavioral data (Peyer, 
1968; Zangerl, 1981; Lund, 1985, 1990; Whitenack et al., 2002; Elliott et al., 2004). 
 
Materials and Methods 
Specimens for performance testing 
Teeth from ten shark species were chosen to cover a wide range of extant tooth forms, as 
opposed to taxonomy: Isurus oxyrinchus, Carcharodon carcharias, Sphyrna mokarran, 
Galeocerdo cuvier, Carcharhinus leucas, C. limbatus, Negaprion brevirostris, Prionace 
glauca, Scymnodon ringens, and Hexanchus griseus (Table 1.1, Figure 1.1). Teeth of 
these species can be grouped in two general categories: tearing and cutting morphs 
(Cappetta 1987). Tearing teeth are described as has having narrow cusps with distinct 
cutting edges, e.g. the anterior teeth of Isurus oxyrinchus. Cutting teeth can be further 
divided into two subgroups: “cutting” subtype, where teeth are lingo-labially flattened, 
with broad cusps distally inclined toward the back of the jaw. Serrations are thought to 
further improve cutting performance. Teeth of Carcharodon carcharias, Galeocerdo 
cuvier, Hexanchus griseus, Carcharhinus leucas,Prionace glauca, Sphyrna mokarran , 
and the lateral teeth of Isurus oxyrinchus are members of this subgroup. The other 
subgroup is the “cutting-clutching” subtype. It should be noted that the original 
classification of Cappetta (1987) for this subtype confounds dignathic heterodonty and 
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tooth morphology; in the “cutting-clutching” subtype, teeth of the one jaw are wide and 
linguo-labially flattened and those of the other jaw have high and narrow cusps. For this 
study, the C. limbatus and S. ringens teeth are part of the “cutting” jaw, while teeth of N. 
brevirostris are part of the “clutching” jaw. It should be noted that the “clutching” teeth 
of N. brevirostris are not of the same morphology as those of the small, multicusped 
“clutching-type” exemplified by the Orectolobidae (Cappetta, 1987). 
From each species, except as noted on Table 1.1, single teeth from 3 sexually 
mature individuals were removed from the jaw and air dried. Teeth were removed from 
the non-functional row to ensure that teeth were not worn and therefore optimally sharp 
prior to performance testing. Single teeth from three fossil clades, representing basic 
fossil morphologies that are not seen in the modern sharks, were used: cladodont 
(Cladodus sp., Stephens Museum 1998-1a), xenacanth (Xenacanthus compressus, USNM 
182325), and hybodont (Hybodus sp. USNM 14197). To prevent breakage of fossil 
specimens, aluminum casts were made for testing. The geometry of each tooth was 
acquired via Phillips Mx8000 high-resolution x-ray computed tomography scanner (slice 
thickness = 11.7 – 600 microns).  The scans were segmented using VGStudioMax 
(Volume Graphics GmbH, Germany).  This process generates a stereolithography (STL) 
surface mesh of the three-dimensional geometry from stacked DICOM images acquired 
by the CT scanner. Each STL was then imported into Geomagic Studio 6 (Geomagic Inc., 
USA), which was used to rebuild parts of the fossil teeth, as all three specimens were 
partially damaged by taphonomic processes. The modified tooth models were then 
created from a plaster-based powder using a three-dimensional Zprinter 310 for rapid 
prototyping (Z Corporation, Burlington, MA, USA) and used to make aluminum casts. 
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Sharp cusp apices were added back to Xenacanthus compressus and Cladodus sp. and 
cutting edges to X. compressus and Hybodus sp. with a rotary tool and fine sandpaper, 
based on Cappetta (1987) and Zangerl (1981). The fossil casts and extant teeth were 
potted in PVC couplers with Labstone dental cement (Heraeus Kulzer Inc., NY, USA), 
then mounted to a MTS 858 MiniBionix II universal testing system (Eden Prairie, MN, 
USA). 
 
Performance Testing 
Tooth performance was tested by puncture and unidirectional draw.  Puncture, which 
does not involve lateral movement of the tooth through tissue, occurs when a tooth enters 
a prey item such as during biting. Unidirectional draw involves lateral movement through 
tissue and may occur, for instance, during head shaking behavior.  
For puncture, teeth were tested on five prey items representing a variety of scale 
thicknesses and toughness of prey: a teleost with thick scales (sheepshead, Archosargus 
probatocephalus, TL = 27.9-39.4 cm, mean scale thickness + SE = 0.185 + 0.007 mm), a 
teleost with scales of intermediate thickness (white grunt, Haemulon plumieri, TL = 20.3-
34.9 cm, mean scale thickness = 0.121 + 0.009 mm), a teleost with thin scales  (ladyfish, 
Elops saurus, TL = 29.8-48.3 cm, mean scale thickness = 0.058 + 0.002 mm), an 
elasmobranch (bonnethead, Sphyrna tiburo, TL = 58.8-74.8 cm), and a crustacean (blue 
crab, Callinectes sapidus, inter-molt crabs only, carapace spine-to-spine width = 13.7-
19.1 cm). These prey items were chosen as representative prey items with a range of 
biomechanical properties, rather than inclusion in all shark diets, though most of the 
sharks included in this study eat a variety of teleost prey items (Compagno, 1984a, b; 
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Cortes, 1999). Prey items were placed on a wooden stage lined with sandpaper to prevent 
the prey item from slipping during tests.  The stage rested upon a 5 kN load cell to obtain 
force magnitudes that occur during puncture. Teeth were positioned with the cusp apex 
contacting the prey item. For the teleost and elasmobranch prey, teeth were tested on the 
epaxialis musculature to avoid the vertebral column and the proximal pterygiophores. 
Individual prey items were used for multiple punctures at different locations. For 
crustacean prey, teeth were positioned at the center of the dorsal carapace and individual 
crabs were only used once. 
For each puncture trial, teeth were driven into the prey item at a rate of 400 mm/s. 
This upper limit of the MTS approximates the rate of movement of the upper jaw of 
carcharhinid sharks during prey capture (460 mm/s) (Motta and Lowry, unpublished 
data). Tooth displacements were set minimally to the length of the cusp. Two prey items, 
E. saurus and S. tiburo, deformed greatly before tooth penetration, necessitating 
displacements to be set to values greater than cusp length. A high speed Redlake PCI 500 
or 1000 Motionscope digital video camera (Tallahassee, FL, USA) at 500 fields per 
second allowed synchronization of initial penetration of the tooth and the force as 
recorded by the MTS.  Three trials were recorded for each tooth. From each puncture 
trial, force at initial puncture (Fp) and maximum puncture force (Fmax) were measured. 
Energy to puncture (Ep) was calculated from the area under the force-displacement curve 
as a measure of efficiency.  
For unidirectional draw, only one prey item, H. plumieri (TL = 21.0-25.4 cm), 
was used. One side of the fish was adhered to a wood stage by cyanoacrylate glue. The 
stage was mounted into the MTS such that the mounted teeth were positioned with the 
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cusp axis was parallel to the outward surface normal of the fish.  The PVC coupler 
housing the teeth was in turn mounted to the 5 kN load cell. The cusp of each tooth was 
embedded in the epaxialis musculature (but not the pterygiophores) such that the entire 
cusp was embedded. Teeth sliced through the prey item at a velocity of 400 mm/s for 30 
mm. Three trials were run for each tooth, but a new fish was used for each draw. For each 
trial, the maximum force that occurred during the draw event was recorded (Fdraw). 
Following the draw trials, for a subsample of H. plumieri (n=11) the area surrounding the 
cut was skinned to determine the number of myosepta cut by the shark teeth. The number 
of cut myosepta was compared to the number of peaks in the force-displacement trace 
from the corresponding draw trial. 
 
Tooth morphometrics 
To capture tooth morphology, a series of tooth shape measurements was taken from five 
teeth from the functional row from five jaws of adult sharks for each species (Appendix 
A). Teeth chosen for measurements were from the same region of the jaw as those used 
in performance testing (Table 1.1). Only teeth from the right side of each jaw were used 
to account for any fluctuating asymmetry in tooth shape. The following measurements 
based in part on Shimada (2005) and on characters previously cited to be related to tooth 
function (Cappetta, 1987; Frazzetta, 1988; Abler, 1992; Motta, 2004) were taken (Fig. 
1.2): base-cusp width (BCW; maximum cusp width), cusp height (CH; perpendicular 
from cusp apex to BCW), mesial cutting edge length (MCL; distance between cusp apex 
and most mesial point of BCW), and distal cutting edge (DCL; distance between cusp 
apex and most distal point of BCW). From these measurements, two ratios were 
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calculated and used in subsequent analyses: cusp aspect ratio (CAR; CH/BCW) and cusp 
inclination (CI; MCL/DCL). In addition to the ratios, the following measurements were 
also used in the analyses: base overlap (BO; distance of either base overlap (+) or 
between bases (-) of adjacent tooth divided by the mean of BW for both bases), notch 
angle (NA; angle taken from cusp apex to notch to most distal point of BCW), and 
cusplet angle (CA; angle taken from cusp apex to notch to apex of lateral cusplets when 
present, CA = 0 if no cusplets present). Other aspects of tooth shape were quantified as 
discrete states: number of lateral cusplets (LAT), lingual-labial cusp curvature (LC; 0 = 
straight cusp, 1 = curved lingually, 2= recurved labially), and degree of serration (SE; 0 = 
none, 1 = weakly serrated (visible under a dissecting microscope), 2= strongly serrated 
(visible to the naked eye)). 
 
Statistical Analyses 
To determine if differences in puncture performance existed among tooth morphologies, 
means for force and energy values for each tooth within each prey item were taken. 
Means were compared using a two factor multivariate analysis of variance (MANOVA), 
with tooth and prey types as factors and individuals as replicates.  Factors identified as 
significant were further assessed with two-way univariate analyses of variance 
(ANOVAs) and Holm-Sidak multiple comparison post-hoc tests. Analysis of interactions 
was not possible due to missing data from teeth that would not puncture, therefore to 
address differences within prey items and between teeth, one-way ANOVAs were 
performed for each prey item with Holm-Sidak multiple comparison or Tukey’s HSD 
post-hoc tests. For each set of statistical tests, the following were log-transformed for 
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normality: all puncture variables for H. plumieri, and Fp and Ep for C. sapidus.  For those 
variables that either would not normalize or did not have equal variance (all puncture 
variables for E. saurus, Fmax for A. probatocephalus, S. tiburo and C. sapidus), non-
parametric Kruskal-Wallis tests were run. Differences in draw performance (Fdraw) among 
species were assessed using a one-way ANOVA and a post-hoc Tukey’s HSD test. Paired 
t-tests were then used to determine whether tooth morphologies differed in puncture (Fp, 
Fmax) and draw performance (Fdraw). For all tests, a p-value of 0.05 was used to determine 
significance. MANOVA was performed using SYSTAT 11 (Systat Software Inc., San 
Jose, CA, USA); all other statistical tests were performed using SigmaStat 3.1 (Systat 
Software Inc., San Jose, CA, USA). 
Despite the fact that tooth morphology was not chosen based on taxonomy or 
evolutionary relationships, it is possible that the performance of different teeth is related 
to phylogeny. Simple exact Mantel tests were used to determine whether dissimilarity 
matrices of Fp , Fmax , and Ep for each prey item and Fdraw  were correlated with a 
dissimilarity matrix based on phylogenetic distance. Distances were obtained from a 
composite tree based on the literature (Fig. 1.1) (Compagno, 1988; Martin et al., 1992; 
Naylor, 1992; Shirai, 1996; Grogan and Lund, 2004). Branch lengths were set to the first 
appearance of each extant species in the fossil record, though this underestimates 
divergence times, or to the age of the fossil tooth (first appearance data from Cappetta, 
1987; Long, 1993; Cigala-Fulgosi, 1995; Iturralde-Vinent et al., 1996; Purdy, 1996; 
Yabe, 1998; Purdy et al., 2001; Rana et al., 2006).  A significance level of p=0.05 was 
used for all tests. Mantel tests were performed with zt software (Bonnet and Van de Peer, 
2002) (software available from http://www.psb.ugent.be/~erbon/mantel/). 
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Lastly, canonical correlates analysis (CCA) was used to examine the relationship 
between tooth morphometric and performance variables. Due to problems with 
colinearity, two separate CCAs were run. The first encompassed performance variables 
from puncture testing on H. plumieri (Fp  Fmax , and Ep) and morphometric variables 
CAR, CI, NA, CA, BO, LAT, LC, and SE.  The second CCA used Fdraw and Fp from H. 
plumieri and CAR, CI, NA, BO, and SE. CA, LAT, and LC all had the same values for 
the species that were capable of draw and therefore could not be included in the second 
CCA. CCAs were performed with SYSTAT 11 (Systat Software Inc., San Jose, CA, 
USA). All procedures were in accordance with University of South Florida Institutional 
Animal Care and Use Committee protocol number T2893. 
 
Results 
Puncture 
The majority of teeth successfully penetrated all prey items (Tables 1.2-1.4), and a 
representative force-displacement trace for a puncture may be found in Figure 1.3. Teeth 
that failed to penetrate were left out of subsequent statistical analyses. All puncture 
performance variables (Fp , Fmax , and Ep) were significant for both tooth and prey factors 
(MANOVA, Wilks’ Lambda=0.061, p<0.001).  Two-way ANOVAs on each of the 
puncture variables revealed differences in both tooth and prey factors for all variables 
(p<0.001) (Table 1.5). For both Fp and Fmax, the lowest forces were recorded during 
puncture of ladyfish E. saurus, while the highest forces occurred during puncture of blue 
crab C. sapidus (Table 1.2, 1.3, and 1.5). While both Fp and Fmax were lower for the white 
grunt H. plumieri than for the sheepshead A. probatocephalus, neither were different 
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from the bonnethead S. tiburo for Fp. Puncturing the S. tiburo only differed from A. 
probatocephalus for Fmax, with lower magnitudes for S. tiburo (Tables 1.2 and 1.3). Elops 
saurus had lower Ep than all prey items except H. plumieri, and only A. probatocephalus 
was greater than H. plumieri for Ep (Table 1.4 and 1.5).  No other differences in Ep were 
found.  
Significant differences also occurred among teeth pooled across prey items, 
though no pattern emerged (Tables 1.2-1.5). Fp for Cladodus sp., Xenacanthus 
compressus, and Carcharodon carcharias were greater than those of Negaprion 
brevirostris, Sphyrna mokarran, and Scymnodon ringens, though there were no 
differences within the groups. Cladodus sp. Fp was also greater than that of both anterior 
and lateral Isurus oxyrinchus teeth. The same pattern exists for Fmax with the addition of 
Cladodus sp.and X. compressus also having higher magnitudes of force than 
Carcharhinus limbatus and Carcharhinus leucas, and X. compressus with greater Fmax 
than both I. oxyrinchus teeth. Other teeth only differed in magnitudes of Fmax and/or Ep; 
Prionace glauca, C. leucas, and Galecerdo cuvier had greater Fmax than S. ringens, N. 
brevirostris, and C. limbatus.  For Ep, S. ringens was lower than C. leucas and G. cuvier, 
and G. cuvier was higher than C. limbatus. 
Within prey items, significant differences among teeth occurred, but there was no 
consistent pattern (Tables 1.2-1.4 and 1.6). No significant differences among teeth were 
found for any puncture variables for E. saurus or C. sapidus, nor were there differences 
in Fp or Fmax within A. probatocephalus or S. tiburo. For the latter prey items, Ep for 
Cladodus sp. was greater than that of C. carcharias, C.limbatus, N. brevirostris and both 
I. oxyrinchus teeth (Table 1.4 and 1.6). Additionally, for A. probatocephalus, Ep for 
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Cladodus sp. was greater than S. ringens, and C. leucas was greater than N. brevirostris.  
For S. tiburo, Ep for Cladodus sp. was greater than C. leucas.  For H. plumieri, all three 
puncture variables showed significant differences between C. carcharias and other teeth. 
For Fp, C. carcharias was higher than that of C. limbatus, Hybodus sp., and the anterior 
tooth of I. oxyrinchus. Carcharodon carcharias Fmax on H. plumieri was higher than that 
of Hybodus sp., both I. oxyrinchus teeth, and N. brevirostris. Lastly, Ep for C. carcharias 
was greater than that of C. limbatus and the anterior tooth of I. oxyrinchus. 
 
Unidirectional draw 
For all teeth with successful draw tests, Fdraw was significantly higher than force at 
initial puncture Fp (t8=-4.891, p=0.001), but was not different from Fmax of puncture 
(t8=0.821, p=0.433) (Table 1.7). Differences in Fdraw existed among tooth types 
(F8,18=2.258, p=0.018), however the only post-hoc difference found was that Cladodus 
sp. was higher than both G. cuvier and S. mokarran.  A representative force-displacement 
trace may be found in Figure 1.4. Out of the 11 H. plumieri examined post-draw, the 
number of myosepta cut matched the number of peaks on the force-displacement trace for 
54.5% of the specimens, 18.2% differed by one, and 27.3% did not match at all. 
 
 
 
Phylogenetic & morphometric relationships 
Performance is not related to phylogeny for the species tested in this study, as 
there was no apparent phylogenetic signal in the data. Mantel tests did not show any 
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correlation between phylogenetic distance and any of the performance variables (p>0.05 
in all cases). Likewise, there is little correlation between shape and performance. The first 
CCA (incorporating Fp , Fmax , and Ep) indicated no correlation of puncture variables with 
shape or serrated versus non-serrated edges; no significant axes were produced by this 
analysis. The second CCA (incorporating only Fdraw and Fp) showed no relationship 
between tooth shape and draw performance. However, this CCA had one significant axis 
with Fp, SE, and NA loading positively on this axis, while CAR loaded negatively. As 
cusps became broader (CAR decreases), the degree of serration increased, notch angles 
became less acute, and the force to initial puncture increased.   
 
Discussion 
Performance provides the link between an organism’s phenotype and its resource use 
(Wainwright, 1994; Koehl, 1996). Consequently, it is assumed that under adaptive 
scenarios there is predictive power between an animal’s morphology and its ecology or 
behavior (Weins and Rotenberry, 1980; Losos, 1990; Motta and Kotrshal, 1992). By 
investigating the biomechanical performance of shark teeth and seeking relationships to 
their feeding ecology, aspects of tooth shape that are predictive of tooth performance may 
be identified. 
 
 
Biomechanics of prey items 
 Differences in puncturing performance occurred among different prey items. 
From a functional perspective, prey are often categorized into two groups: “hard” prey, 
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such as echinoderms, crustaceans, and shelled mollusks, and “soft” prey (everything else) 
(Wainwright, 1988; Waller and Baranes, 1991; Turingan, 1994; Turingan et al., 1995; 
Dean et al., 2007; Ramsay and Wilga, 2007; Huber et al., in press). In terms of tooth 
biomechanics, this analysis questions this dichotomy, revealing that not all “soft” prey 
are alike. Even within a general prey type, such as “teleosts”, significant differences in 
puncture forces were found. Among teleosts, E. saurus required the lowest Fp and Fmax, 
while A. probatocephalus required the highest. Differences in efficiency (Ep) followed 
the same pattern; E. saurus required the least amount of energy for puncture, while A. 
probatocephalus required the most. This implies that not only does it generally take less 
force to puncture E. saurus, but less energy must be expended by the shark to do so. In 
addition, some teeth were able to penetrate some teleosts and not others.  For example, 
teeth from the blue shark P. glauca could not puncture E. saurus or A. probatocephalus, 
but were able to penetrate H. plumieri, indicating that differences between prey items 
affect the function of some teeth.  
 The thickness of the scales and skin, myoseptal arrangement, and muscle 
composition all likely play a role in how much force is required to puncture a particular 
teleost. Skin thickness has been shown to influence skin strength in teleosts (Hebrank and 
Hebrank, 1986) and penetration forces of knives into artificial skin (Gilchrist et al., 
2008). Though not scales, one study found that forces produced by felid canine teeth 
puncturing the skin of pigs and deer were significantly different, even after the thick fur 
had been removed from the deer hide (Freeman and Lemen, 2007). Attachment of the 
scales to the body of the prey item may also be functionally important. For example, E. 
saurus has deciduous scales that are readily dislodged whereas A. probatocephalus scales 
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are rarely dislodged. During puncture testing on E. saurus, large amounts of deformation 
occurred around the tooth, creating a crater-like depression and unpunctured scales were 
often found stuck to the tooth cusp. It is possible that as the sides of the crater become 
more vertical and the tooth continues to press on the edges of the scales, they may loosen 
and slip out of the way, creating a scaleless surface for the tooth to penetrate.   
 Differences in skin architecture and stiffness in the bodies of prey items may 
contribute to the differing tooth puncture results both within and among the “soft” prey 
items. Skin tension is directly related to both the force and energy of knife penetration 
during stabbing (Gilchrist et al., 2008).  Cross-helically wound collagen fibers contribute 
directly to skin stiffness in both teleosts and elasmobranchs; the number of collagen fiber 
layers varies among fishes, and even between sexes of some sharks (Motta, 1977; 
Hebrank, 1980; Hebrank and Hebrank, 1986; Pratt and Carrier, 2001). Similarly, strength 
and stiffness have been shown to be correlated with the amount and orientation of 
collagen fibers in mammalian skin (Flint et al., 1984; Vogel, 1988).  Surprisingly, Fp for 
the bonnethead shark S. tiburo were not different from either the white grunt H. plumieri 
or sheepshead A. probatocephalus, and Fmax for A. probatocephalus was greater than that 
of S. tiburo. In general, it has been assumed that shark skin is stiffer, as for a given body 
size sharks generally have thicker skin compared to teleosts (Hebrank and Hebrank, 
1986).  However, skin is not the only determinant of body stiffness. The perceived body 
stiffness is also a function of muscle, scales, and skeletal elements; differences exist 
between these factors for teleosts and sharks. For example, in sharks collagenous 
mysosepta are thickened as they attach to the dermis, but are not in most teleosts 
(Willemse, 1972; Hebrank and Hebrank, 1986). While the specific stiffness of these prey 
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items are not known, it may be inferred from the results that one teleost was less stiff than 
other prey items; E. saurus was unique in that it would occasionally stay deformed 
following removal of shark teeth during puncture tests. This prey item required the least 
amount of force (Fp and Fmax) during puncture (Tables 1.2 and 1.3). 
Differences in force to puncture (Fp) among teleosts may explain why some shark 
species undergo positive allometric increases in bite force over ontogeny when no 
apparent ontogentic shift in diet occurs. For example, the blacktip shark Carcharhinus 
limbatus undergoes an allometric increase in bite force through ontogeny yet remains 
piscivorous during its entire life history (Dudley and Cliff, 1993; Castro, 1996; Barry, 
2002; Hoffmayer and Parsons, 2003; Bethea et al., 2004; Huber et al., 2006). In addition 
to an increase in prey size throughout ontogeny, different teleosts occur in the diet of C. 
limbatus at different life stages (Bethea et al., 2004), possibly reflecting differing 
biomechanical challenges.  
 
Biomechanics of extant teeth 
Despite past efforts to classify shark’s teeth into functionally relevant groups based on 
performance (Moss, 1977; Cappetta, 1987; Frazzetta, 1988; Motta, 2004), little support 
was found for biomechanical morphotypes. Differences in puncture performance 
occurred among tooth morphologies, both within prey items and when prey items were 
pooled, though few overall patterns occurred. Teeth of C. leucas, which are triangular 
and serrated, were less efficient during puncture (higher Ep) of A. probatocephalus than 
the more thinly cusped tooth of N. brevirostris. The broadly triangular Carcharodon 
carcharias teeth exhibited higher initial puncture forces (Fp) on H. plumieri than thin 
 30
cusped C. limbatus and anterior I. oxyrinchus teeth, higher maximum puncture forces 
(Fmax) than both I. oxyrinchus and N. brevirostris, and lower efficiency (Ep) than C. 
limbatus and I. oxyrinchus. This suggests that for some instances, it appears that broader 
triangular teeth, such as those of the white shark C. carcharias and the bull shark C. 
leucas are less efficient (smaller Ep) and require more force for puncturing compared to 
narrower teeth. These data are supported by the results of the CCA, though the white 
shark teeth being larger than the others might also account for higher puncture forces. 
Force at initial puncture (Fp) on H. plumieri increases as CAR (cusp aspect ratio) 
decreases; in other words, the broader and shorter the tooth cusp, the more force it takes 
to initially puncture H. plumieri. This result is consistent with other studies on cutting, for 
both mammalian teeth and knives (Freeman and Lemen, 2007; Gilchrist et al., 2008). 
However, broader teeth (as evidenced by a lower CAR) did not consistently perform 
more poorly at puncturing for all prey types. For the softest prey item, E. saurus, there 
was no difference in any performance variable among different extant teeth. Additionally, 
there was no difference in Fmax or Fp for extant teeth puncturing A. probatocephalus or S. 
tiburo.  
In addition to contrasting patterns of puncture performance, there were 
surprisingly no differences in draw performance among tooth morphologies.  
Historically, tooth morphology has been the primary means of describing the biological 
role of teeth. In this regard, shark teeth in this study have been grouped in two general 
categories: tearing and cutting morphs (Cappetta 1987). Tearing teeth are described as  
having narrow cusps with distinct cutting edges, e.g. the anterior teeth of Isurus. Cutting 
teeth can be further divided into two subgroups: “cutting” subtype, where teeth are lingo-
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labially flattened, with broad cusps distally inclined toward the back of the jaw. 
Serrations are thought to further improve cutting performance. Teeth of Carcharodon 
carcharias, Galeocerdo cuvier, Hexanchus griseus, Carcharhinus leucas, Carcharhinus 
limbatus, Prionace glauca, Sphyrna mokarran, and the lateral teeth of Isurus oxyrinchus 
are members of this subgroup. The other subgroup is the “cutting-clutching” subtype. For 
this study, the C. limbatus and S. ringens teeth are part of the “cutting” jaw, while teeth 
of N. brevirostris are part of the “clutching” jaw. Differences in draw and puncture 
performance were not consistent with these groupings.  
Similarly, when comparing draw forces among extant teeth, no tooth was better or 
worse than another. Further, the canonical correlates analysis (CCA) showed that for 
successful draw tests, there was no correlation between tooth shape and force. 
Inclination, serration, and notching are cited as being characteristics of cutting teeth 
(Cappetta, 1987; Motta, 2004), yet our data did not support a performance benefit to this 
morphology. It is possible that a shape parameter that was not measured, such as cutting 
edge sharpness, could correlate with draw performance. Testing the teeth in draw for only 
one prey item may also have lead to a lack of differences. Many of these species prey on 
a variety of prey items of different sizes and taxonomic affinities (Compagno, 1984a, b; 
Cortes, 1999). As teeth encounter different materials within and among prey, such as 
muscle, bone, cartilage, or crustacean exoskeleton, they may perform differently as they 
did during puncture.  This is supported by the force-displacement traces for draw, which 
has several peaks (Fig 1.4). The number of myosepta cut matched the number of peaks on 
the force-displacement trace for the majority (54.5%) of the specimens, indicating that it 
may take more force to cut through a tough collagenous myoseptum than through muscle. 
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As it has been suggested that myosepta not only transmit muscle forces, but also 
potentially constrain myomere bulging during contraction, these tissues should be 
relatively stiff (Gembella et al., 2003; Brainard and Azizi, 2005). 
When considering both biological roles of puncturing and cutting, the majority of 
teeth did not perform better in puncture (Fp, Fmax) or unidirectional draw. Many extant 
teeth were able to both puncture and cut H. plumieri (Figure 1.1). Further, there were no 
differences in any performance variables for carcharhinid upper jaw or lower jaw teeth of 
the “cutting-clutching” subtype (C. limbatus and N. brevirostris, respectively). When 
taking large prey, some carcharhinid sharks will bite, which engages the teeth in 
puncture, then laterally head shake, which engages the teeth in draw (Frazzetta and 
Prange, 1987). In this case, teeth must perform both roles within the same predation 
event. Teeth that perform multiple functions have been found in other elasmobranchs as 
well. For example, the bamboo shark Chiloscyllium plagiosum has small clutching teeth, 
but will take both hard and soft prey. It is able to do so because the teeth passively rotate 
and flatten to form a flat surface for crushing (Ramsay and Wilga, 2007). The homodont 
teeth of the lesser electric ray Narcine brasiliensis also have dual roles; teeth on the 
occlusal surface are used for grasping, while teeth on the external surface may protect the 
jaws during excavation of prey (Dean et al., 2008). Additionally, teeth in elasmobranchs 
are used for gripping females during mating, and this has also been shown to be related to 
tooth morphology (Springer, 1967; Compagno, 1970; Fedducia and Slaughter, 1974; 
McCourt and Kerstitch, 1980; Compagno, 1988; Kajiura and Tricas, 1996). When 
structures have multiple functions, they may not be optimized for any one function, 
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making correlations between form and function difficult (Reif, 1983; Lauder, 1995; 
Koehl, 1996; Domenici and Blake, 2000). 
For all teeth with successful draw tests, it took less force to make an initial 
puncture than to draw a tooth through the prey item, though the maximum force produced 
during puncture was equal to the force produced during draw. As a tooth continues to 
enter the prey item after initial puncture, the initial rift is widened while new tissue is 
being punctured at the tooth apex. One study found that this difference is likely only 
important for the initial puncture; for mammalian prey muscle and fat offered little 
resistance, implying that differences between sharp and blunt cusps are erased as most of 
the force generated during the remainder of the puncure is generated as the teeth widen 
the hole made by penetration (Freeman and Lemen, 2007). During initial puncture on 
teleosts prey items, only scales and skin are penetrated, but as the tooth continues through 
the prey item, it also encounters muscle tissue and myosepta. Since the draw experiments 
were carried out with the cusp already embedded in the prey item, it was encountering 
four materials throughout the entire test.   
Despite a general lack of specialization, it is clear that some of the teeth that were 
tested in both unidirectional draw and puncture performed better at one task or the other 
(Fig. 1.1). Scymnodon ringens could not cut during draw, but was able to puncture H. 
plumieri. This small serrated tooth is classified as “cutting type” (Cappetta, 1987). 
Likewise, the multicusped Hexanchus griseus teeth would not puncture H. plumieri, and 
the notched and heavily serrated Galeocerdo cuvier teeth had only one successful 
puncture, yet both teeth were able to cut during unidirectional draw. Tiger sharks, G. 
cuvier, routinely cut through large sea turtle shells by vigorously biting and shaking their 
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head and teeth back and forth across the prey, employing draw (Heithaus, 2001; 
Simpfendorfer et al., 2001). If this comparison between puncture and draw tests is 
extended to other prey items, Prionace glauca could not puncture any prey except H. 
plumieri, while Sphyrna mokarran could not puncture A. probatocephalus or S. tiburo, 
yet both teeth could cut during draw. When all teeth that fail at puncturing are 
considered, a morphological pattern emerges. The cusp apices of these teeth are distally 
inclined to the point where the flat surface of the mesial cutting edge contacts the prey 
during puncture, not the tip of the tooth. As tooth tips become sharper, less surface area is 
touching the tooth. For a given force, this increases the amount of stress applied to the 
prey item, as stress is equal to force divided by area. Compressing the prey item during 
the initial stages of puncture creates compressive forces beneath the tooth tip and tension 
on the surrounding substrate as the prey item bulges around the tooth. These stresses 
together generate an effective shear stress which, if large enough, ruptures the tissues 
(Frazzetta, 1988). Increasing the amount of surface area of the tooth-prey contact 
decreases the amount of stress produced during puncture. The flat surface of these teeth 
may decrease stress on the prey item to the extent that puncture (failure) is not possible. 
This is further supported by studies on mammalian tooth shape, where blunter teeth 
required significantly more force to puncture insects (Evans and Sanson, 1998), fruits 
(Freeman and Weins, 1997) and mammalian hides (Freeman and Lemen, 2007), 
compared to sharp teeth. For sharks, however, the tension in the bulging tissue may 
facilitate cutting during unidirectional draw. As the tooth is moved distally during draw, 
the tip of the cusp can engage the tissue, creating compression directly under the cusp tip 
and further adding tension via more bulging (Frazzetta, 1988).  
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There are other aspects of teeth that may contribute to tooth performance that 
need to be addressed.  Teeth of the upper and lower jaws may also interact with each 
other. How teeth of the upper and lower jaws shear past each other and how teeth of the 
same jaw affect puncture and cutting during draw are unanswered questions. A study 
using utility blades as proxies for upper and lower jaw teeth indicated that certain 
combinations of blade shapes affect cutting efficiency (Anderson and LaBarbera, 2008). 
The flexible collagenous attachment of shark teeth may also facilitate cutting during draw 
as the teeth may pivot anteroposteriorly around obstructions preventing them from 
“hanging-up” on tough material (Frazzetta, 1988). In reality, sharks teeth form a 
functional complex that work together. Tooth base overlap within the same jaw may 
transmit forces to linked teeth, as overlapping bases are lashed together with collagenous 
Sharpey’s fibers (Frazzetta, 1988). Including these parameters in future studies may 
further elucidate the link between tooth morphology and performance. 
 
Fossil tooth mechanics 
In general, fossil teeth did not perform well at unidirectional draw, but performed 
similarly to modern teeth in puncture. Out of the three fossil morphologies tested, 
Cladodus sp. was the only tooth that was successful at draw. Failure of the Hybodus sp. 
and X. compressus teeth to successfully draw may be due in part to a lack of sharpness 
during our tooth reconstruction. However, other aspects of morphology may have 
resulted in the lack of draw performance. Extant shark teeth with distally inclined cusps 
do not have the entire cusp inclined; instead only the apical portion of the cusp is 
inclined, forming a notch on the distal cutting edge. The distal cusp of X. compressus has 
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no such notch as the entire cusp is distally inclined. Even teeth that are marginally 
inclined, such as the anterior tooth of I. oxyrinchus (CI = 1.12) and C. carcharias (CI = 
1.05) have either a slight notch (NA for I. oxyrinchus = 154.02 degrees) or serrations, as 
in C. carcharias, where stress can be concentrated between serrations (Frazzetta, 1988; 
Motta, 2004). In contrast, Hybodus teeth have a functional notch between the main cusp 
and the first distal cusplet, though it is not bladed.  
All three fossil morphologies were successful at puncture, though to varying 
degrees. Cladodus sp. was able to puncture all prey items. Overall, Cladodus sp. 
produced higher forces (Fp, Fmax) and was less efficient (Ep) than the majority of the 
extant teeth.  Yet for the softest and hardest prey items (E. saurus and C. sapidus, 
respectively), the Cladodus tooth performed similarly to extant teeth. Considering all the 
performance tests, Cladodus teeth appear to function similarly to many of the extant 
teeth. This is surprising, as the majority of the concurrent possible prey items during the 
Paleozoic were armored, including placoderms, cephalopods, and osteichthyans with 
rhomboid scales (Brett and Walker, 2002). It is important to note that some “soft” prey 
were also available in the form of acanthodian fishes, conodonts, and other 
chondrichthyans. Direct and indirect evidence, in the form of preserved gut contents and 
trace fossils on potential prey items, exists for cladodont shark predation on both hard 
and “soft” prey (Mapes and Hansen, 1984; Williams, 1990; Mapes et al., 1995), and their 
teeth appear biomechanically suited for a variety of functional prey types.  
Xenacanthus compressus teeth were able to puncture E. saurus, H. plumieri, and 
C. sapidus, but not A. probatocephalus or S. tiburo. Overall, X. compressus produced 
higher forces (Fp, Fmax) than the majority of the extant teeth and were less efficient at 
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puncture than several modern teeth, but like Cladodus sp. were not different from extant 
teeth in puncturing E. saurus or C. sapidus. It is therefore possible that X. compressus 
was similarly capable of handling a variety of prey items, though perhaps not as diverse 
of a list as Cladodus. There is less dietary evidence for freshwater xenacanthid sharks 
than those marine sharks with cladodont-type teeth. One Permian xenacanthid, Triodus 
sessilis, has been described with two species of larval temnospondyl amphibians in the 
gut (Kriwet et al., 2008). Another study describes evidence that Orthacanthus, an Upper 
Carboniferous xenacanthid, fed on the xenacanthid Triodus (Soler-Gijon, 1995). While 
there is no evidence for durophagy in xenacanthid sharks, the teeth appear 
biomechanically suited for puncture of hard prey. 
The multicusped Hybodus sp. tooth was the least successful at puncturing “soft” 
prey items; only one trial on H. plumieri was successful. However, these teeth were able 
to puncture the blue crab C. sapidus. Cappetta (1987) designates the majority of Hybodus 
teeth as clutching-type (those Hybodus teeth with smaller central cusps), with others 
falling into tearing-type (those with a high central cusp). There is no dietary data for 
hybodont sharks, however one paleoecological study of trophic levels in Jurassic 
sediments proposed that Hybodus preyed upon fishes and squid, as well as scavenged, 
based on tooth shape and available prey items (Martill et al., 1994). The Hybodus tooth 
used in this study has a relatively small central cusp compared to the lateral cusplets, and 
the lack of soft prey puncture and draw supports a non-tearing role. As this tooth was 
only successful at puncturing hard prey, it appears suited for durophagy.  
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Conclusions   
In this study, I investigated the performance of three general categories of extant 
teeth, tearing-type, cutting-type, and cutting-clutching type, as well as three fossil 
morphologies, on a variety of prey items. The goals of this study were to: (1) Determine 
the forces necessary for individual teeth to penetrate a variety of fish and crustacean prey 
representative of shark diets; (2) Determine what differences in penetration force and 
efficiency occur among tooth types; (3) Compare performance between different cutting 
regimes for a given tooth morphology; and (4) Determine which morphological aspects, 
if any, of tooth shape are predictive of tooth performance. Differences in puncturing 
performance occurred among different prey items, indicating that not all “soft” prey 
items are alike. The majority of teeth were able to puncture different prey items, and 
differences in puncture performance also occurred among tooth types; however, few 
patterns emerged. Force to puncture was less than the maximum force that occurred 
during draw tests, however there were no differences between the maximum draw forces 
and maximum puncture forces. Few morphological patterns were identified. In some 
cases, broader triangular teeth were less effective at puncturing than narrow-cusped teeth. 
Teeth from Galeocerdo cuvier, Prionace glauca, Hexanchus griseus, and Sphyrna 
mokarran were unable to puncture many of the “soft” prey items. The flat surface of the 
tooth-prey contact may decrease stress on the prey item to the extent that puncture 
(failure) is not possible. No morphological characteristics were correlated with maximum 
draw force. Many of the extant shark teeth in this study were not only able to perform 
draw and puncture equally well, but tooth morphologies were functionally equivalent to 
each other. This does not support the use of tooth morphology to predict biological role. 
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Additionally, fossil morphologies were generally successful at puncture and overall 
similar in performance to extant teeth, but only Cladodus sp. was able to perform in 
draw. 
Clearly, we have just scratched the surface on shark tooth performance and it is 
difficult to conjecture about the evolution of sharks without more information. This study 
addressed the performance of isolated teeth, the majority of which are bladed. There are 
other morphologies of extant shark teeth, such as molariform teeth, the multicusped teeth 
of the prickly shark Echinorhinus cookei, and the unique tricuspid teeth of the frilled 
shark Chlamydoselachus anguineus, for which there is no performance data. While I have 
presented the first performance tests on fossil teeth, I have only sampled three teeth from 
over 400 million years of evolution. Even within broad generalizations of fossil shark 
tooth morphology (e.g. cladodont, xenacanth, hybodont), several different morphologies 
exist (Zangerl, 1981; Cappetta, 1987).  Additionally, there are other aspects of teeth that 
may contribute to tooth performance that need to be addressed, including flexible tooth 
attachments (but see Ramsay and Wilga, 2007), tooth base overlap that may transmit 
forces to linked teeth (Frazzetta, 1988), and lateral cusplets. In reality, sharks teeth form a 
functional complex that works together. How teeth of the upper and lower jaws shear past 
each other and how teeth of the same jaw affect puncture and cutting during draw are 
unanswered questions. Including these parameters may elucidate the link between tooth 
morphology and performance. 
 40
 
 
Figure 1.1: Phylogenetic tree of species included in this study and tooth morphology, 
based on Compagno, 1988; Martin et al., 1992; Naylor, 1992; Shirai, 1996; Grogan and 
Lund, 2004. Branches are not drawn to scale. a = anterior, l = lateral. Line drawings show 
tooth used for each species, shaded for morphotype: light grey = tearing, dark grey = 
cutting-clutching subtype, white = cutting subtype. H = able to penetrate hard prey, 
vertical arrow = able to puncture more than half of the “soft” prey items, horizontal arrow 
= able to perform unidirectional draw. 
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Figure 1.2: Tooth measurements taken for canonical correlation analysis. BCW = base-
cusp width, BO = base overlap, BW = base width, CA = cusp angle, CH = cusp height, 
DCL = distal cutting edge, MCL = mesial cutting edge, NA = notch angle. 
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Figure 1.3: Force-displacement trace for puncture of Haemulon plumieri by an anterior 
Isurus oxyrinchus tooth. Arrow denotes initial puncture (Fp). 
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Figure 1.4: Force-displacement trace for unidirectional draw through Haemulon plumieri 
by an anterior Isurus oxyrinchus tooth. Arrows indicate probable cuts through myosepta. 
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Table 1.1: Tooth and jaw position information for each extant species in this study. N = 
number of individuals for each species. Position = tooth family counting from the jaw 
symphysis. Specific jaw position for C. carcharias is not known. 
Species n Jaw Position 
I. oxyrinchus (a) 3 Lower 2 
I. oxyrinchus (l) 3 Upper 6 
C. carcharias 3 Upper "Anterior" 
S. mokarran 3 Upper 6 
G. cuvier 3 Lower 3 
C. leucas 3 Upper 8 
C. limbatus 3 Upper 5 
P. glauca 3 Upper 7 
N. brevirostris 3 Lower 3 
S. ringens 1 Lower 1 
H. griseus 1 Lower 2 
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 Table 1.2: Means for force to puncture (Fp) (N = Newtons) + standard error. n = number of teeth used for puncture tests on each 
prey item. X = puncture was not successful. Deviations from n given in Table 1 occurred when some teeth could not successfully 
puncture a given prey item, but others could. Species mean = mean for each species with prey items pooled. Prey mean = mean for 
each prey item with species pooled. 
 
Speci
I. ox
es E. saurus H. plumieri A. probatoc. S. tiburo C. sapidus Species Mean
yrinchus (a) 7.36 + 1.94 5.66 + 1.85 18.49 + 6.61 11.38 + 1.93 35.23 + 4.07 15.93 + 3.42
yrinchus (l) 5.00 +I. ox  2.72 8.31 + 2.64 21.05 + 5.40 11.08 + 2.27 33.20 + 10.55 15.98 + 3.88
 carcharias 15.85 +C.  2.80 22.66 + 0.80 34.25 + 2.70 16.68 + 1.44 65.12 + 15.40 31.03 + 5.57
. mokarran 1.12 5.57 +S  0.23 X X 23.29 + 4.24 13.69 + 4.74
. cuvier X X 45.54 X 70.52 +G  21.72 64.28 + 16.58
 leucas 4.95 +C.  1.14 9.82 + 2.16 27.00 + 9.31 23.05 51.76 + 5.14 24.7 + 6.04
. limbatus 1.27 +C  0.16 4.85 + 1.01 7.84 + 1.58 5.19 38.13 + 7.42 13.85 + 5.06
 glauca X 4.06 X X X 4.055
. brevirostris 3.78 +
P.
N  2.70 5.05 + 2.37 10.61 + 8.80 13.62 + 4.11 27.98 + 5.29 12.98 + 3.12
ngens 0.38 21.44 4.33 X X 8.72 +S. ri  6.46
 griseus 1.98 X X X 89.41 45.70 +H.  43.72
odus sp. X 6.30 X X 68.40 37.35 +Hyb  31.05
 compressus 10.19 50.24 X X 62.00 40.81 +X.  15.68
ladodus sp. 15.77 12.26 66.75 112.77 79.03 57.32 +C 19.23
rey Mean 6.70 +P 1.32 10.98 + 2.10 23.99 + 4.16 21.43 + 7.76 47.66 + 4.60  
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 Table 1.3: Means for maximum force during puncture (Fmax) (N = Newtons) + standard error. n = number of teeth used for 
puncture tests on each prey item. X = puncture was not successful. Deviations from n given in Table 1 occurred when some teeth 
could not successfully puncture a given prey item, but others could. Species mean = mean for each species with prey items pooled. 
Prey mean = mean for each prey item with species pooled. 
 
 
S
I. ox
pecies E. saurus H. plumieri A. probatoc. S. tiburo C. sapidus Species Mean
yrinchus (a) 9.49 + 2.28 15.73 + 0.45 26.46 + 2.14 13.54 + 0.23 83.03 + 22.05 30.80 + 3.42
yrinchus (l) 8.64 +I. ox  3.27 11.46 + 2.28 24.56 + 4.49 15.178 + 1.11 105.63 + 10.94 35.13 + 11.48
archarias 22.13 +C. c  0.37 39.50 + 2.75 40.55 + 6.47 21.29 + 2.07 158.91 + 12.02 56.48 + 14.07
okarran 7.70 15.59 +S. m  1.23 X X 94.67 + 5.91 53.81 + 18.50
X 38.95 52.25 X 149.58 +G. cuvier  21.92 107.99 + 28.24
 leucas 8.15 +C.  0.41 23.95 + 4.85 40.93 + 4.31 22.95 142.23 + 32.74 56.33 + 18.59
 limbatus 5.14 +C.  0.18 12.38 + 2.81 17.08 + 1.30 5.78 92.66 + 13.64 33.21 + 11.75
X 53.37 X X X 53.37
virostris 5.89 +
P. glauca
N. bre  1.17 7.92 + 2.02 21.28 + 6.14 13.22 + 3.40 66.41 + 12.71 24.32 + 7.32
ens 5.74 8.31 8.88 X X 7.64 +S. ring  0.97
us 5.85 X X X 198.69 102.27 +H. grise  96.42
X 17.36 X X 118.93 68.15 +Hybodus sp.  50.79
ompressus 26.30 107.92 X X 208.58 114.27 +X. c  52.72
18.61 32.10 85.42 135.22 119.98 78.27 +Cladodus sp. 23.16
ePr y Mean 11.13 + 1.62 23.92 + 4.19 32.66 + 4.49 24.99 + 9.31 118.77 + 8.57  
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 Table 1.4: Means for energy to puncture (Ep) (N/mm) + standard error. Larger numbers indicate less efficiency. n = number of 
teeth used for puncture tests on each prey item. X = puncture was not successful. Deviations from n given in Table 1 occurred 
when some teeth could not successfully puncture a given prey item, but others could. Species mean = mean for each species with 
prey items pooled. Prey mean = mean for each prey item with species pooled. 
 
 
Spe
I. ox
cies E. saurus H. plumieri A. probatoc. S. tiburo C. sapidus Mean
yrinchus (a) 0.028 + 0.009 0.017 + 0.004 0.059 + 0.025 0.031 + 0.007 0.019 + 0.006 0.028 + 0.007
yrinchus (l) 0.011 +I. ox 0.007 0.018 + 0.006 0.061 + 0.022 0.024 + 0.009 0.018 + 0.010 0.024 + 0.006
. carcharias 0.071 +C 0.027 0.155 + 0.043 0.116 + 0.028 0.061 +0.010 0.054 + 0.020 0.091 + 0.014
okarran 0.002 0.013 +S. m 0.005 X X 0.008 + 0.001 0.008 + 0.002
. cuvier X X 0.142 X 0.077 +G 0.023 0.086 + 0.025
eucas 0.013 +C. l 0.002 0.019 + 0.005 0.165 + 0.058 0.055 0.031 + 0.008 0.051 + 0.019
batus 0.002 +C. lim 0.000 0.010 + 0.003 0.017 + 0.001 0.007 0.024 + 0.008 0.013 + 0.003
auca X 0.006 X X X 0.006
. brevirostris 0.009 +
P. gl
N 0.007 0.010 + 0.006 0.003 + 0.003 0.019 + 0.009 0.023 + 0.010 0.014 + 0.004
0.0002 0.003 0.008 X X 0.004 +S. ringens 0.002
 griseus 0.003 X X X 0.045 0.024 +H. 0.021
odus sp. X 0.009 X X 0.052 0.030 +Hyb 0.021
pressus 0.033 0.153 X X 0.039 0.075 +X. com 0.039
odus sp. 0.093 0.025 0.305 0.81 0.079 0.262 +Clad 0.145
n 0.025 +Mea 0.007 0.036 + 0.012 0.087 + 0.020 0.094 + 0.06 0.034 + 0.005  
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 Table 1.5: Two-way ANOVA results for pooled species and pooled prey. Fp= force at 
initial puncture, Fmax = maximum puncture force, Ep = Energy to puncture, df = degrees 
of freedom. The error degrees of freedom are 83 for all tests. * = p<0.05. 
 
 
Fp Fmax Ep
df 13 13 13
F 5.84 14.45 9.56
p <0.001* <0.001* <0.001*
df 4 4 4
F 37.71 139.79 9.03
p <0.001* <0.001* <0.001*
Species
Prey
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 Table 1.6: One-way ANOVA results for species within prey items. Fp= force at initial 
puncture, Fmax = maximum puncture force, Ep = Energy to puncture, df = degrees of 
freedom. # = non-parametric Kruskal-Wallis test performed instead of ANOVA, * = 
p<0.05, + = no differences found in post-hoc tests, therefore results are considered 
statistically nonsignificant. 
 
Fp Fmax Ep
df 10 10 10
F 14.93# 15.28# 16.21#
p 0.14 0.12 0.09
df 6, 13 6,13 6,13
F 6.82 5.26 4.46
p 0.002* 0.006* 0.011*
df 5,8 8 5,8
F 1.76 14.11# 5.04
p 0.28 0.08 0.022*
df 6 3,6 3,6
F 8.54# 2.46 4.88
p 0.20 0.16 0.048*
df 7,16 11 7,16
F 3.13 18.46# 2.81
p 0.03+ 0.07 0.04+
C. sapidus
E. saurus
H. plumieri
A. probatoc.
S. tiburo
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 Table 1.7: Means for maximum force during draw (Fdraw) (N = Newtons) + standard 
error. n = number of teeth used for puncture tests on each prey item. X = draw was not 
successful. 
 
Species Fdraw
I. oxyrinchus (a) 28.33 + 5.48
I. oxyrinchus (l) 13.90 + 1.63
C. carcharias 26.53 + 2.96
S. mokarran 13.58 + 3.78
G. cuvier 12.14 + 3.6
C. leucas 17.14 + 2.82
C. limbatus 15.02 + 2.47
P. glauca 15.96 + 2.40
N. brevirostris 21.24 + 2.48
S. ringens X
H. griseus 17.55
Hybodus sp. X
X. compressus X
Cladodus sp. 37.39
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Chapter 2: Biology Meets Engineering: The Structural Mechanics of Shark Teeth 
 
Abstract 
Teeth are an integral part of the vertebrate feeding apparatus. They can divide prey into 
manageable pieces, grip prey for reorientation, and process prey to remove inedible 
components. Despite this, the majority of studies on the evolution and function of feeding 
in sharks have focused primarily on the movement of cranial components and muscle 
function, with little integration of tooth properties or function. Those biomechanical 
studies that have addressed elasmobranch tooth form and function have largely focused 
on the qualitative mechanics of cutting, ignoring the biomechanics of the tooth itself. As 
teeth are subjected to sometimes extreme loads during feeding, they undergo stress, 
strain, and potentially failure. While performance is certainly subject to natural selection, 
attributes related to structural strength such as material properties and overall shape may 
also be subjected to natural selection. Therefore, both prey processing ability and 
structural parameters must be considered to understand the evolution of shark teeth.  In 
this study, the structural mechanics of fossil and extant shark teeth are investigated. The 
first goal was to determine the material properties for enameloid, osteodentine, and 
orthodentine via nanoindentation. While shark dentines are harder than other vertebrate 
dentines, enameloid has similar hardness and Young’s modulus to mammalian enamel. 
This latter relationship may be due to similar microstructures between shark enameloid 
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and mammalian enamel. I then used finite element analysis to visualize stress 
distributions of fossil and extant shark teeth during puncture, unidirectional draw 
(cutting), and holding. The specific goals for this portion of the study were to determine 
if tooth morphologies are more structurally strong during different loading regimes and to 
examine the role of morphological features, such as notches or cusp shape, on stress 
distribution. Under the loading and boundary conditions in this study, which are 
consistent with bite forces of large sharks, shark teeth are structurally strong. Teeth 
loaded in puncture have localized stress concentrations at the cusp apex that diminish 
rapidly away from the apex. When loaded in draw and holding, the majority of the teeth 
show stress concentrations consistent with mechanically sound cantilever beams. Notches 
result in stress concentration during draw and may serve as a weak point; however they 
are functionally important for cutting prey during lateral head shaking behavior. As shark 
teeth are replaced regularly, it is proposed that the frequency of tooth replacement in 
sharks is driven by tooth wear, not tooth failure. 
 
Introduction 
Teeth are an integral part of the vertebrate feeding apparatus. They can divide prey into 
manageable pieces, grip prey for reorientation, and process prey to remove inedible 
components. Despite this, the majority of studies on the evolution and function of feeding 
in sharks have focused primarily on the movement of cranial components and muscle 
function, with little integration of tooth properties or function (Motta, 2004; Huber et al., 
2005; Dean et al., 2007; Ramsay and Wilga, 2007; Dean et al., 2008; Motta et al., 2008). 
Continuous tooth replacement, coupled with the cartilaginous nature of the skeleton, has 
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led to a chondrichthyan fossil record composed primarily of teeth. To understand the 
evolution of the shark feeding mechanism, we must understand the contribution of all 
parts of the feeding apparatus, including the teeth.  
Extant shark teeth encompass a wide variety of shapes, including teeth with 
triangular serrated cusps, oblique serrated and non-serrated cusps, notched serrated cusps, 
non-serrated recurved cusps, multicusped teeth, and flattened tooth pavements. The forms 
are often ascribed qualitative functions without any biomechanical testing, employing 
terminology such as gripping, piercing, crushing, cutting, or tearing (Cappetta, 1986, 
1987; Motta, 2004). Biomechanical studies that have addressed elasmobranch tooth form 
and function have largely focused on the qualitative mechanics of cutting itself 
(Frazzetta, 1988; Abler, 1992). More recent studies focus on reorientation of teeth during 
feeding and their dual roles in gripping and either crushing or protecting the jaw as it hits 
the seafloor (battering) (Ramsay and Wilga, 2007; Dean et al., 2008). In general, the 
biomechanics of the tooth itself have been ignored.  
While the forces necessary for teeth to penetrate teleost and elasmobranch prey 
items are on the order of tens of Newtons (see Chapter 1 of this dissertation), some 
chondrichthyans are capable of producing far higher bite forces. Some elasmobranchs fall 
on the low end of the scale; static equilibrium models calculate the average anterior bite 
force for Etmopterus spinax to be 1 N (mean SL = 32.5 cm) (Claes & Malefet, 
unpublished data), while a bite force of 20 N was calculated for  a 45.1 cm SL Squalus 
acanthias (Huber and Motta, 2004). Many chondricthyans fall between 100 and 1000 N 
of bite force. The spotted ratfish Hydrolagus colliei (44 cm TL) produced 58 N of 
anterior bite force under tetanic stimulation, and static equilibrium models estimated 
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anterior bite force of  104 N and 191 N posteriorly (Huber et al., 2008). The horn shark 
Heterodontus francisci (74 cm TL) produced a restrained anterior bite force of 187 N, but 
based on static equilibrium models is capable of 128 N anteriorly and 338 N posteriorly 
(Huber et al., 2005). Static equilibrium models estimated the bite force of a 152 cm TL 
Carcharhinus limbatus to be 423 N anteriorly and 1083 N  posteriorly (Huber et al., 
2006) and a mean anterior bite force of 834 N for the bull shark Carcharhinus leucas 
(170 cm mean SL) (Huber & Mara, unpublished data). The highest calculated bite forces 
are far greater than 1000 Newtons  Static equilibrium models estimate the posterior 
theoretical bite force of the great hammerhead Sphyrna mokarran (4.3 m TL) to be 6080 
N (Mara et al, unpublished data); finite element models of a 6.4 m TL white shark, 
Carcharodon carcharias, estimate bite forces of 9320 N anteriorly and 18216 N 
posteriorly (Wroe et al., 2008). As teeth are subjected to these sometimes extreme loads 
during feeding, they undergo stress, strain, and potentially failure. In order to continue 
performing their biological role, teeth must resist breakage until they are shed. It is 
unclear whether tooth morphologies are more structurally strong under one loading 
regime versus another. For example, do “cutting” teeth fail less often during cutting 
compared to puncture?  While performance is certainly subject to natural selection 
(Arnold, 1983; Bennet, 1991), attributes related to structural strength such as material 
properties and overall shape may also be subjected to natural selection (Erickson et al., 
2002; Lucas et al., 2008). Therefore, both prey processing ability and structural 
parameters must be considered to understand the evolution of shark teeth.   
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Shark tooth materials 
Shark teeth are composite material structures. Each tooth can be divided into two zones: 
the crown and the root or base. The tooth can be further divided into two distinct 
structural components: a central core of dentine covered by enameloid, an enamel-like 
substance formed from both odontoblasts and ameloblasts (Poole, 1967a). Some 
elasmobranchs also have a central pulp cavity (orthodont teeth), while in others the root 
extends into the central core of the crown (osteodont teeth) (Cappetta, 1987; Compagno, 
1988).  
Enameloid is a highly mineralized tissue, composed primarily of hydroxyapatite 
crystallites. These crystallites are arranged in bundles that vary in orientation depending 
on the location within the tooth (Poole, 1967a; Gillis and Donoghue, 2007). In modern 
sharks, these bundles tend to align into three layers: a thin superficial layer with 
randomly arranged single cystallites (shiny layer enameloid, SLE), followed by a 
parallel-fibered layer (PFE), and an innermost tangled-fiber layer (TFE) (Gillis and 
Donoghue, 2007). Previous work has shown that the PFE imparts tensile strength, while 
the TFE provides resistance to compressive forces (Preuschoft et al., 1974). Together, 
shark enameloid forms a layer that is 0.2-0.9 mm thick (Preuschoft et al., 1974). 
Elasmobranch dentine is composed of mineralized collagenous tissue (Bradford, 
1967; Johansen, 1967). Two types of dentine occur. Osteodentine superficially resembles 
spongy bone; the dentine surrounds vascular canals, similar to osteons. Orthodentine does 
not contain dental osteons. Instead it contains smaller parallel branching tubules that 
provide a banded appearance (Compagno, 1988). Osteodentine forms the base in all shark 
teeth.  The crown can be composed primarily of either orthodentine (orthodont), such as 
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the teeth of carcharhiniform sharks, or osteodentine (osteodont), as in lamniform sharks 
(Mertinene, 1982; Compagno, 1988).  
Despite a prolific data base on mammalian tooth properties, especially humans 
(Waters, 1980; Brear et al., 1990), there is a paucity of data on fish tooth material 
properties. While the material properties have been determined for elasmobranch jaw 
cartilage (Summers and Long, 2006) and vertebrae (Porter et al., 2006; Porter et al., 
2007), the material properties of shark teeth and their components have not been studied 
to date.  
In this study, the structural mechanics of fossil and extant shark teeth are 
investigated. The first goal was to determine the material properties for enameloid, 
osteodentine, and orthodentine via nanoindentation. The hardness and elastic modulus of 
these tissues is not known, and is necessary for the second portion of this study. I then 
used finite element analysis to visualize stress distributions of fossil and extant shark 
teeth during puncture, unidirectional draw (cutting), and holding. The specific goals for 
this portion of the study were to determine if tooth morphologies are more structurally 
strong during different loading regimes and to examine the role of morphological 
features, such as notches or cusp shape, on stress distribution.  
 
Materials & Methods  
Nanoindentation 
Five teeth each of one carcharhiniform species, the bonnethead Sphyrna tiburo, and one 
lamniform, the sand tiger shark Carcharias taurus, were utilized to compare teeth with 
orthodont and osteodont dentine.  Freshly shed teeth from C. taurus were collected from 
 the floor of the Living Seas aquarium exhibit (Epcot Center, Walt Disney World, Florida, 
USA). Anterior teeth from S. tiburo were obtained from a 34.5 cm TL female that was 
euthanatized approximately one hour before teeth were collected. Teeth from both 
species were stored in seawater.  Prior to testing, teeth were removed from the seawater 
and dried completely. Each tooth was sectioned transversally (relative to the tooth) 
approximately halfway down the cusp to create the surface for indentation, then again at 
the base to create a flat surface for mounting. Testing surfaces were polished with 400 
grit sandpaper for four minutes and finally with Pikal polishing paste (Nihon Maryo-
Kogyo Co., Japan) for twenty minutes to ensure a smooth surface. The polished samples 
were then washed in ethanol to remove any debris, and mounted on stainless steel 
cylinders with cyanoacrylate glue. 
Specimens were tested with a MTS Nanoindenter XP (Eden Prairie, MN, USA) 
with a Berkovich diamond tip.  Both enameloid and dentine were tested on each tooth 
(Figure 2.1), with nine 2 micron deep indentations preformed on each material. 
Indentation sites were chosen haphazardly. Specimens were indented with a target strain 
rate of 0.5 s-1. Load and displacement were continuously recorded throughout the 
indentation process for each tooth and tooth material. For each indentation, the resulting 
load-displacement curve was used to calculate hardness (H) and Young’s modulus (E). 
Hardness was calculated at the peak load, and is given by Eq. (1):  
 
A
WH max=           (1) 
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 where Wmax is the peak load (N) and A is the projected indentation area (M2) of the 
Berkovich indenter (Fisher-Cripps, 2004). 
The reduced Young’s modulus for the contact (Er), that is of the indenter and the 
specimen, was determined from the slope of the unloading curve at the maximum load, 
and is given by Eq. (2): 
 
dh
dW
A
Er Π=
2
1          (2) 
 
where dW/dh is the slope of the unloading curve (Fisher-Cripps, 2004). The reduced 
Young’s modulus is related to the Young’s modulus of the specimen being indented (Es) 
by Eq. (3): 
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where vi is the Poisson’s ratio of the indenter, Ei is the Young’s modulus of the indenter, 
and vs is the Poisson’s ratio of the specimen being indented. As Poisson’s ratio is 
unknown for shark enameloid or dentine, the Poisson’s ratio for mammal enamel and 
dentine were used (v = 0.3 for both materials) (Waters, 1980). Many materials, including 
biological materials, have Poisson’s values of 0.3, so this is not an unreasonable 
assumption (Vogel, 2003; Wroe et al., 2008). All calculations of hardness and Young’s 
modulus were done in TestWorks 4 (MTS Systems Corporation, Eden Prairie, MN, 
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USA).  Means of hardness and Young’s modulus for each material were taken for each 
tooth. T-tests were then used to determine if there were differences in hardness and 
Young’s modulus between the tooth materials of the two species (p=0.05) with SigmaStat 
3.1 (Systat Software Inc., San Jose, CA, USA). 
 
Finite Element Analysis 
Specimens 
Teeth from ten shark species were chosen to cover a wide range of extant tooth forms, as 
opposed to taxonomy: Carcharhinus leucas, Carcharhinus limbatus, Carcharodon 
carcharias, Galeocerdo cuvier, Hexanchus griseus, Isurus oxyrinchus, Negaprion 
brevirostris, Prionace glauca, Scymnodon ringens, and Sphyrna mokarran (Table 2.1, 
Figure 2.2). Note that two teeth (one lateral and one anterior) were chosen from Isurus 
oxyrinchus due to the presence of diversity of tooth shapes within the jaw. We also chose 
a single tooth from three fossil species to represent basic fossil morphologies that are not 
found in modern sharks: cladodont (Cladodus sp. Stephens Museum 1998-1a), xenacanth 
(Xenacanthus compressus, USNM 182325), and hybodont (Hybodus sp. USNM 14197).  
 
Modeling 
The geometry of each tooth was acquired via a Phillips Mx8000 high-resolution x-ray 
computed tomography scanner (slice thickness = 11.7 – 600 microns).  The scans were 
segmented using VGStudioMax (Volume Graphics GmbH, Germany).  This process 
generates a stereolithography (STL) surface mesh of the three-dimensional geometry 
from stacked DICOM images acquired by the CT scanner. Each STL was then imported 
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into Geomagic Studio 6 (Geomagic Inc., USA). STLs of teeth from extant species were 
refined by repairing artifacts from the scanning process. Geomagic was also used to 
rebuild sections of the fossil teeth, as all three specimens were partially damaged by 
taphonomic processes. Finally, the refined STLs were processed into FE models using 
Strand7 (G & D Computing, Australia).  
Finite element models were built using a solid mesh composed of four-noded 
tetrahedral elements (47563 to 1087617 elements).  All models were designated as static, 
linearly elastic, and isotropic. Biological materials are largely viscoelastic, and tooth 
materials have been shown to be anisotropic (Waters, 1980), however we assumed the 
above conditions for this study for the sake of model simplicity. Enameloid and dentine 
(osteodentine or orthodentine) were designated in each model based on the CT scans, as 
the distribution of these materials is visible in the DICOM images. The elastic modulus 
(E) for each material was taken from the nanoindenation testing described above. 
Poisson’s ratio (v) is also required for FEA, but is unknown for shark enameloid or 
dentine. Instead, for both dentines and enameloid, the Poisson’s ratio for mammal enamel 
and dentine were used (v = 0.3 for both materials) (Waters, 1980). Lastly, boundary 
conditions were applied to prevent the model from moving through space when loaded, 
which is a mathematical requirement of FEA. For all tooth models, all external nodes on 
the tooth base were designated as fixed, which prevented displacement about these nodes. 
In reality, shark teeth are anchored to the jaw with collagenous Sharpey’s fibers, which 
allows some cusp displacement in the lingual-labial plane, though the mechanics of shark 
tooth attachment and cusp rotation are not clear (Moss, 1970). As it has been 
hypothesized that this flexible attachment is a stress dissipater (Frazzetta, 1994; Powlik, 
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1995), modeling tooth attachment as fixed provides an upper bound to possible 
mechanical scenarios. 
  Five loading regimes were used (Figure 2.3): (1) Distributed load on tooth tip to 
represent initial puncture into a prey item (hereafter referred to as “puncture”); (2 & 3) 
Distributed load on each cutting edge to represent unidirectional draw, which would 
occur during head shaking behavior (“draw”); (4 & 5) Distributed load on labial & 
lingual cusp faces (respectively) to represent tooth impaled on struggling prey item 
(“holding”). For all loading regimes, a total distributed load of 10 kN was used. Previous 
studies have shown bite forces for large elasmobranchs approaching this value (Sphyrna 
mokarran, 4.3 m TL: 6080 N (Mara et al, Unpublished data); Carcharodon carcharias, 
6.4 m TL: 9320 N anterior, 18216 N posterior (Wroe et al., 2008)). Visual inspection of 
effective Von Mises stress distributions produced by FEA was used to identify sites of 
possible failure, which function as indicators of decreased structural strength. The use of 
Von Mises stresses is widely accepted for FE studies of biological structures (Dumont et 
al., 2005; McHenry et al., 2007; Rayfield, 2007; Moreno et al., 2008; Wroe et al., 2008). 
All procedures were in accordance with University of South Florida Institutional Animal 
Care and Use Committee protocol number T3195. 
 
Results 
Nanoindentation 
Enameloid of S. tiburo has a mean hardness of 3.53 GPa and a mean Young’s modulus of 
68.88 GPa, while enameloid of C. taurus had a hardness and Young’s modulus of 3.20 
GPa and 72.61 GPa, respectively (Table 2.2). There was no significant difference 
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between the two species for the material properties of enameloid (E: t=-1.680, p= 0.131; 
H: t=-2.051, p=0.074). Both hardness and Young’s modulus were higher for osteodentine 
(C. taurus, H=1.21, E=28.44) than for orthodentine (S. tiburo, H=0.97, E=22.49 ) (E: t=-
4.763, p=0.001; H: t=-3.151, p=0.014) (Table 2.2).  
 
Finite Element Analysis 
When loaded in puncture, most teeth, regardless of morphology, showed the same 
general stress pattern. For all teeth, the highest Von Mises stress magnitudes occurred 
during puncture. This stress was primarily concentrated at the site of loading, the cusp 
apex, and rapidly dissipated away from the apex (Fig. 2.4, Appendix B). Little stress is 
concentrated near the tooth base. Two teeth did not follow this general pattern. The 
Hexanchus griseus tooth had stress concentrated at the notches between the cusplets, but 
still far from the base (Fig. 2.4d). The FE model for Sphyrna mokarran showed stress 
extending down the distal cutting edge to the notch, with a small amount of stress 
reaching the tooth base (Fig. 2.4c).   
 During draw, many teeth tended to have stress distributions that mirror those of a 
cantilever beam (Fig. 2.5, Appendix B). Stress tended to be concentrated on the cutting 
edges, with the center largely unstressed, akin to a neutral axis. This pattern is apparent in 
the models of Carcharhinus limbatus, Carcharhinus leucas, Carcharodon carcharias, 
Negaprion brevirostris, both Isurus oxyrinchus, Cladodus sp., Hybodus sp., and 
Scymnodon ringens. The individual cusps of Xenacanthus compressus displayed stress 
patterns consistent with those of cantilever beams. However, stress was also concentrated 
between the two main cusps, surrounding the median cusplet (Fig. 2.5c).    
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  In addition to stress concentrations on the mesial cutting edge, many of the tooth 
models that had notches on the distal cutting edge tended to have stress concentrated 
there (Fig. 2.5d, Appendix B). Stress was often also concentrated in the space between 
the main cusp and cusplets or heels. This overall pattern was seen in teeth of C. leucas, 
Galeocerdo cuvier, H. griseus, Hybodus sp., Prioncae glauca, S. ringens, S. mokarran, 
and the lateral tooth of I. oxyrinchus. Many of these same teeth had stress concentrations 
at the dentine-enamel junction (DEJ) at the base of the crown, including C. leucas, C. 
limbatus, G. cuvier, P. glauca, and S. ringens (Fig. 2.5d, Appendix B).  
Overall, the holding models showed stress concentrated in a beam-like pattern; 
stress occurred on the lingual and labial cusp faces toward the base, with the neutral axis 
along the cutting edges (Fig. 2.6, Appendix B). Additional stress concentrations occurred 
along the DEJ for C. leucas, C. limbatus, Cladodont sp. (Fig. 2.6a), G. cuvier, H. griseus, 
N. brevirostris, P. glauca (Fig 2.6b), S. mokarran, and the anterior tooth of I. oxyrinchus. 
Carcharodon carcharias, H. griseus, and S. ringens also had stress concentrated across 
the tooth base. 
 
Discussion 
While many studies of shark tooth functional morphology have focused on cutting 
mechanics, performance, and general morphology, the mechanical behavior of the tooth 
itself has been largely ignored.  As teeth are subjected to loads during feeding, they 
undergo stress, strain, and potentially failure. Both performance and structural strength 
are subject to natural selection. Therefore, to truly understand the evolution of shark 
teeth, both prey processing ability and structural parameters must be considered. Studies 
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on elasmobranch teeth in particular have the potential to provide insight into the 
evolution of feeding in vertebrates in general, as chondrichthyans are basal gnathostomes 
(Carroll, 1988).   
 
Nanoindentation 
While the values of hardness and Young’s modulus are the first reported for 
dental materials of sharks and all fishes, respectively, there are some caveats. It has been 
shown that specimen storage, including chemical dehydration, influences the results of 
nanoindentation of mammalian teeth (Habelitz et al., 2002; Guidoni et al., 2006). While 
the samples in this study were simply air-dried, it is likely that this may have affected the 
results.  Both enameloid and dentine are viscoelastic, anisotropic materials, and the 
results may vary depending on the axis of loading (Rasmussen et al., 1976; Kinney et al., 
2003; Shimizu and Macho, 2007). However for human molar enamel, nanoindentation 
tests parallel and perpendicular to the hydroxyapatite crystallites resulted in only 1.5-3% 
difference in both Young’s modulus and hardness, less than the standard deviations seen 
within the data set (Braly et al., 2007).   Similarily, Lepidosiren teeth were microindented 
along the long axis of the tooth and transverse to the same axis, hardness of the 
petrodentine only differed by approximately 0.2 GPa (Currey and Abeysekera, 2003). It 
is possible that testing direction is negligible due to the nano-scale of these indentation 
tests (Braly et al., 2007). 
Likewise, testing different regions of the dentine or enameloid may also result in 
differences in material properties. This has been shown by nanoindentation studies of 
human dentine (Hosoya and Marshall, 2005), enamel (Cuy et al., 2002; Ge et al., 2005), 
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and the DEJ (Marshall Jr. et al., 2001). Neoselachian shark enameloid is composed of 
three separate layers. The outermost layer, the SLE, is thin and not organized into 
bundles. The next layer, the PLE, is composed of parallel bundles of fibrous enameloid; 
these bundles run normal to the outer tooth surface. The inner layer, the TFE, is 
composed on interwoven, less organized bundles of enameloid (Gillis and Donoghue, 
2007). Coupled with previous studies on these layers demonstrating that different layers 
resist compressive and tensile forces differently (Preuschoft et al., 1974), testing different 
regions of enameloid should produce different results. While the tests were performed 
away from the enamel edge or DEJ, we could not differentiate between the three layers 
when picking indentation sites.   
Overall, both the hardness and Young’s modulus for shark enameloid and both 
dentines are similar to values for other vertebrates (Table 2.2). The hardness of tooth 
materials of only two other fishes, Lepidosiren paradoxa and Protopterus aethiopicus, 
have been studied; there is no Young’s modulus data for any fishes. The hardness of both 
osteodentine and orthodentine, as determined by this study, are 125 – 181% higher than 
the dentine of both lungfishes and 10 – 128% higher than that of mammals. While they 
do not have enamel, lungfish have petrodentine, a mineralized dentine that is thought to 
function as enamel does (Currey and Abeysekera, 2003). Shark enameloid is 7 – 35% 
harder than petrodentine, but falls within the range of mammalian enamel. This may be 
related to the microstructure of these tissues. Peterodentine is composed of masses of 
crystallites arranged in a criss-cross fashion, but no layering occurs (Ishiyama and Teraki, 
1990). Like enameloid, mammalian enamel occurs in layers, though the number of layers 
and arrangement of the enamel prisms among layers within varies among taxa 
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(Yamakawa, 1959; Gustafson and Gustafson, 1967; Dumont, 1995; Maas and Dumont, 
1999; Martin et al., 2003). Amphibian and reptilian enamel varies from nonprismatic to 
layered prismatic, however material properties for these tetrapods have not been 
measured (Poole, 1967b; Sato et al., 1992; Sato et al., 2005).  A comprehensive study of 
enamel microstructure and material properties among vertebrate groups may elucidate the 
relationship between enamel layers and hardness. 
   Both hardness and Young’s modulus were higher for osteodentine (C. taurus) 
than for orthodentine (S. tiburo). Microanatomy may contribute to this difference, as the 
arrangement of the tubules differs in each material. Orthodentine has tightly packed, 
parallel tubules. These tubules radiate from the central pulp cavity towards the outer 
surface of the tooth (Goto, 1991). Osteodentine, by contrast, is composed of numerous 
vascular canals surrounded by concentric layers of dentine, similar to osteons in spongy 
bone. The arrangement of the dental osteons varies from branching and meandering to 
highly organized with parallel osteons (Lund et al., 1992). Chemical composition may 
also contribute to mechanical differences between the two tissues. Osteodentine and 
orthodentine differ in the amounts of calcium, phosphorus, magnesium, and sodium; 
osteodentine contains more calcium than orthodentine, whereas orthodentine contains 
more phosphorus, magnesim, and sodium (Lund et al., 1992).  Studies on mammalian 
enamel and dentine suggest that hardness and Young’s modulus are positively correlated 
with calcium, as it is in other calcified tissues, and phosphate content, while sodium 
content shows the opposite trend (Lefevre et al., 1976; Brear et al., 1990; Currey, 1998b; 
Mahoney et al., 2000; Cuy et al., 2002). 
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Finite Element Analysis 
Shark teeth appear to be structurally strong during puncture. Under the 
biologically releveant loads in this study, stress concentration occurred at the cusp apex 
for the majority of the tooth models loaded in puncture (Fig. 2.4, Appendix B).  In 
general, a well-designed tooth should utilize most of the tooth to resist applied loads, with 
unstressed material deemed inefficient. However, this loading regime is equivalent to the 
initial stages of puncture, where the tooth is either just compressing or barely ruptured the 
prey item. Stress is equivalent to force divided by area; as the tooth continues to puncture 
the prey item, more of the tooth’s surface area will contact the prey item, lowering stress 
and utilizing more of the tooth to do so. Therefore, these teeth appear to be well designed 
to resist stress during puncture. 
The puncture models of H. griseus and S. mokarran did not have stress 
concentrated only at the tooth apex (Fig. 2.4c,d). Stress was also concentrated in the 
spaces between the cusp and cusplets in the H. griseus model.  Unlike many other 
notched teeth, the notch created by the main cusp and first distal cusplet is further from 
the tooth base on the H. griseus tooth and therefore closer to the load. It is possible that 
other notched teeth have enough material between the load and the notch to dissipate 
stress created by puncture, while the H. griseus tooth does not. Under extreme loads it is 
conceivable that material failure could occur at the region of the cusplets. Therefore, for 
puncture, the size and shape of the apical half of the cusp may be more important, stress-
wise, than the shape of the tooth in its entirety.  The stress concentration for S. mokarran 
follows the distal cutting edge of the tooth. This is mechanically analogous to a column 
 loaded in compression; the load is in line with the distal cutting edge and the stress 
distribution follows the expected load path.   
Many of the teeth loaded in draw and holding showed stress distributions 
consistent with failure in cantilever beams (Gere, 2004) (Fig. 2.5 & 2.6, Appendix B). 
Stress concentrations may be used as an indicator of possible material failure for these 
loading regimes.  Tooth models showed stress concentrations occurred either at the DEJ 
or on the lower half of the cusp. Based on beam theory, failure in a cantilever beam 
should occur at the location of the maximum bending stress (σbend), which is equal to the 
bending moment (M) divided by the section modulus (S) of the beam (Gere, 2004). The 
section modulus is given by Eq. (4): 
 
c
IS =            (4) 
 
where I is the second moment of area and c is the extreme fiber length, the greatest 
distance from the neutral axis (Gere, 2004).  A prismatic cantilever beam loaded at the 
free end should first fail at the base if mechanically sound, as S stays constant and M 
increases toward the base. Teeth are non-prismatic; that is, the cross-sectional shape is 
not constant. The location of the maximum bending stress will then also depend on γ, a 
function related to the rate of cross-sectional shape change (Gere, 2004). The faster the 
section modulus increases, the further from the tooth base σbend will be located. For 
example, the stress concentrations on the anterior I. oxyrinchus tooth in draw and holding 
are not located at the DEJ; instead they are located where the cusp becomes lingo-labially 
 69
  70
thicker. Consequently, failure of these teeth should occur not at their base but at the point 
where the cusp suddenly thickens; this is where stress concentrations were located in 
these tooth models. 
 Five teeth in draw did not have stress distributions as predicted from beam theory, 
but did for holding: G. cuvier, H. griseus, Hybodus sp., P. glauca, and S. mokarran (Fig. 
2.5 & 2.6, Appendix B). Geometrically, they do not qualify as beams in this loading 
regime, as their length (height of the cusp) is less than twice their width (mesodistal 
distance across the cusp). When the load was applied in holding, the width dimension 
changed to the lingo-labial thickness of the cusp, and under this loading regime stress 
concentrations were consistent with a well-designed cantilever beam.  Stress 
concentrations occur at the apex where the loads were applied and at the notch for G. 
cuvier, where there is relatively less material. While the notch is a potential site of 
weakness in the tooth, it is functionally important. As sharks engage in head shaking 
behavior, as mimicked by loading the models in draw, the notch may serve as stress 
concentrator on tough materials similar to a paper cutter, helping to shear the material 
(Motta, 2004). 
Based on the analyses presented here, teeth cannot be placed into functional 
morphotypes based on stress distributions that occur during puncture, draw, and holding. 
In all loading cases, the extant and extinct teeth apparently are not limited by structure. 
No tooth is structurally stronger under one loading condition versus another, indicating 
that tooth failure may not occur often under these loading conditions. The only reported 
discussion of tooth breakage in sharks is that narrow-based biconvex cutting teeth, such 
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as those of I. oxyrinchus, are commonly broken, but no data is given to support the 
statement (Williams, 2001).  
Despite this apparent over-engineering, sharks continuously replace their teeth 
throughout their lifetime. Tooth replacement rates vary among taxa, varying from a week 
to every three months (Moss, 1967; Wass, 1973; Reif et al., 1978; Luer et al., 1990). 
Historically, this has not been the rule. In general, chondricthyans (including cladodont 
sharks), acanthodians, crossopterygians, and lungfishes retained their teeth (Reif, 1982; 
Carroll, 1988; Williams, 2001).  It has been suggested that the evolution of cutting teeth 
in sharks was not possible until a pattern of regular tooth replacement occurred, which is 
necessary to maintain effective teeth because breakage is common in narrow-based 
cutting teeth (Williams, 2001). Among terrestrial mammalian predators, especially in the 
conical narrow canine teeth, wear and breakage is common and problematic as teeth do 
not heal as bone does (Van Valkenburgh and Ruff, 1987; Van Valkenburgh, 1988). 
However, based on the results of this study, I propose that teeth are replaced frequently 
because of tooth wear, not tooth failure. Predators with sharp teeth tend to have lower 
bite forces than those with conical teeth, such as crocodilians and patherine cats (Wroe et 
al., 2008); comparatively, sharp teeth are subjected to loads that may not be high enough 
to elicit failure.  The results of performance testing in puncture (see Chapter 1) further 
support the tooth wear hypothesis, though the effects of tooth wear on performance was 
not specifically tested. Teeth that contacted prey items with a relatively flat surface, such 
as P. glauca, did not successfully puncture. Compressing the prey item during the initial 
stages of puncture creates compressive forces beneath the tooth tip and tension on the 
surrounding prey tissues as the prey item bulges around the tooth. These stresses together 
  72
generate an effective shear stress which, if large enough, ruptures the tissues (Frazzetta, 
1988). Wear on the tooth tip decreases sharpness, increasing the amount of surface area 
of the tooth-prey contact. This may decrease stress on the prey item to the extent that 
puncture (failure) is not possible. Similarly, wear may also affect the cutting edges. A 
razor blade will dull faster than a pocket knife. Consequently, sharp blades tend to dull 
quickly. As the cutting edges are worn down, teeth may become less effective. 
Unfortunately, there are no data on rate of tooth wear or the effect of wear on 
performance. 
  
Conclusions 
The first goal was to determine the material properties for enameloid, osteodentine, and 
orthodentine via nanoindentation. While shark dentines are harder than other vertebrate 
dentines, enameloid has similar hardness and Young’s modulus to mammalian enamel. 
This latter relationship may be due to similar microstructures between shark enameloid 
and mammalian enamel. I then used finite element analysis to visualize stress 
distributions of fossil and extant shark teeth during puncture, unidirectional draw 
(cutting), and holding. The specific goals for this portion of the study were to determine 
if tooth morphologies are more structurally strong during different loading regimes and to 
examine the role of morphological features, such as notches or cusp shape, on stress 
distribution. Under the loading and boundary conditions, which are consistent with bite 
forces of large sharks, shark teeth are structurally strong. Teeth loaded in puncture have 
localized stress concentrations at the cusp apex that diminish rapidly away from the apex. 
When loaded in draw and holding, the majority of the teeth show stress concentrations 
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consistent with mechanically sound cantilever beams. Notches result in stress 
concentration during draw and may serve as a weak point; however they are functionally 
important for cutting prey during lateral head shaking behavior. As shark teeth are 
replaced regularly, it is proposed that the frequency of tooth replacement in sharks is 
driven by tooth wear, not tooth failure. 
   
 
 
 
Figure 2.1: Testing sites for nanoindentation on a cross-section of a generalized tooth 
cusp. The white area is dentine, grey is enamel, and black is the pulp cavity. X = 
approximate site of indentation. 
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Figure 2.2:  Phylogenetic tree of species included in this study, based on Compagno, 
1988; Martin et al., 1992; Naylor, 1992; Shirai, 1996; Grogan and Lund, 2004. Branches 
are not drawn to scale. a = anterior, l = lateral. Line drawings show tooth used for each 
species. 
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Figure 2.3: Loading regimes illustrated on bull shark tooth (Carcharhinus leucas, left) 
and lateral view of shortfin mako shark tooth (Isurus oxyrinchus, right). H = holding, L = 
lateral cutting (draw), P = puncture. 
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Figure 2.4: Representative finite element models (FEMs) loaded in puncture. All views are of the labial side of the tooth. 
Arrow indicates detine-enamel junction. (a) Carcharhinus limbatus, (b) Carcharhinus leucas, (c) Sphyrna mokarran, (d) 
Hexanchus griseus. 
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Figure 2.5: Representative FEMs loaded in draw on the distal cutting edge. All views are of the lingual side of the tooth. 
Arrow = dentine-enamel junction (DEJ). (a) Isurus oxyrinchus, anterior tooth, (b) Carcharodon carcharias, (c) 
Carcharhinus limbatus, (d) Galecoerdo cuvier, (e) Xenacanthus compressus.
 
  
 
Figure 2.6: Representative FEMs loaded in holding on the lingual face of the tooth. The 
left view is the lingual side of the tooth; the right is the distal side of the tooth. (a) 
Cladodus sp., (b) Prionace glauca.  
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 Table 2.1: Tooth and jaw position information for each extant species in this study. 
Position = tooth family counting from the jaw symphysis. Specific jaw position for C. 
carcharias is not known. 
 
Species n Jaw Position 
I. oxyrinchus (a) 3 Lower 2 
I. oxyrinchus (l) 3 Upper 6 
C. carcharias 3 Upper "Anterior" 
S. mokarran 3 Upper 6 
G. cuvier 3 Lower 3 
C. leucas 3 Upper 8 
C. limbatus 3 Upper 5 
P. glauca 3 Upper 7 
N. brevirostris 3 Lower 3 
S. ringens 1 Lower 1 
H. griseus 1 Lower 2 
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 Table 2.2: Material properties of tooth materials for vertebrates. H = hardness 
(megapascals, MPa), E = Young’s modulus (MPa). Values for shark enameloid, 
osteodentine, and orthodentine (bold) are means + standard error. All other values taken 
from (Waters, 1980; Currey, 1998a; Mahoney, 2000; Habelitz et al., 2001; Lutz, 2002; 
Currey and Abeysekera, 2003). 
 
 
Species Material H (GPa) E (GPa)
Lepidosiren paradoxa Dentine 0.43 -
Loxodonta africana Dentine 0.43 7.7
Monodon monoceros Dentine 0.53 8.9
Protopterus aethiopicus Dentine 0.58 -
Bos taurus Dentine 0.61 7.8
Capreolus capreolus Dentine 0.63 -
Rattus rattus Dentine 0.88 -
Homo sapiens Dentine 0.92 19.89
Sphyrna tiburo Orthodentine 0.97 + 0.03 22.49 + 0.08
Carcharias taurus Osteodentine 1.21 + 0.07 28.44 + 0.99
Lepidosiren paradoxa Petrodentine 2.49 -
Bos taurus Enamel 3.00 73
Protopterus aethiopicus Petrodentine 3.12 -
Carcharias taurus Enameloid 3.20 + 0.09 72.61 + 2.11
Capreolus capreolus Enamel 3.23 -
Rattus rattus Inner Enamel 3.52 -
Sphyrna tiburo Enameloid 3.53 + 0.52 68.88 + 0.67
Macaca mulatta Enamel 3.63 -
Homo sapiens Enamel 3.9 87.5  
 81
  82
 
 
 
Chapter 3: Evolutionary Relationships Between Shark Tooth Morphology and 
Ecology 
 
Abstract 
The existence of a relationship between morphology, ecology, and behavior is the central 
tenet of ecomorphology, which implies that the evolution of morphology and ecology are 
tightly correlated. Shark tooth morphotypes and their presumed functions present an 
interesting test of this paradigm, as extant shark teeth encompass a variety of shapes. 
Often these morphotypes are used to predict ecology in the absence of other data, despite 
the fact that these relationships have not been tested. Therefore the goal of this study is to 
employ phylogenetic comparative methods to test, within an evolutionary context, 
whether a relationship exists between shark tooth morphology and ecology. Based on 
ecomorphological principles, I hypothesized that diet and habitat are predictive of shark 
tooth shape. For each of 44 extant shark species, a series of morphometric measurements 
were taken on teeth on the right side of the upper and lower jaws of up to five 
individuals. These measurements were used to calculate quantitative tooth morphology 
characters, including cusp aspect ratio, notch angle, cusp inclination indices, and percent 
of tooth base overlap. Data about ecology and diet were taken from the literature. I then 
used phylogenetically-informed least squares regression and pairwise comparisons to 
determine whether habitat and diet were predictive of tooth shape. While some 
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significant relationships were identified between aspects of tooth morphology and diet 
and habitat, few relationships and no clear pattern emerged. This suggests that the aspects 
of shark tooth morphology measured here are not related to ecology. The lack of a 
relationship between tooth morphology and ecological variables has implications for the 
paleobiology of sharks, where assumptions about diet and evolution are made based on 
tooth shape due to the paucity of fossilized dietary information. 
 
Introduction 
That a relationship exists between morphology, ecology, and behavior is the central tenet 
of ecomorphology (Williams, 1972; Karr and James, 1975; Bock, 1994). This implies 
that evolution of morphology and ecology are tightly correlated (Losos, 1990), resulting 
in the predictive power of one to the other (Weins and Rotenberry, 1980; Motta and 
Kotrschal, 1992). Aspects of dental morphology has been correlated with ecology 
primarily for mammals (Hylander, 1975; Van Valkenburgh and Ruff, 1987; Richard and 
Dewar, 1991; Janis, 1995; Freeman, 2000; Evans and Sanson, 2003; Evans et al., 2005; 
Cuozzo and Yamashita, 2007; Evans et al., 2007), though some studies exist for other 
vertebrates as well (Patchell and Shine, 1986; Turingan, 1994; Peterson and Winemiller, 
1997; Jackson et al., 1999; Herrel et al., 2004; Jackson and Fritts, 2004). For example in 
lacerterid lizards, omivores tend to have blunter, wider teeth with more cusps when 
compared to insectivores (Herrel et al., 2004); snakes and legless lizards that are 
durophagous tend to have hinged teeth (Patchell and Shine, 1986; Jackson et al., 1999; 
Jackson and Fritts, 2004). Loricarid fishes that scrape substrates to feed tend to have large 
spatulate teeth, while those that injest fine detritus have rudimentary teeth (Delariva and 
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Agostinho, 2005). In the tetraodontiform fishes, tooth morphology is related to diet; for 
example, those with blunt, robust teeth tend to be durophagous, while those with thin, 
sharp teeth are planktivorous (Turingan, 1994). 
Shark tooth morphotypes and their presumed functions present an interesting test 
of this ecomorphological paradigm. Extant shark teeth encompass a wide variety of 
shapes, including teeth with triangular serrated cusps, oblique serrated and non-serrated 
cusps, notched serrated cusps, non-serrated recurved cusps, multicusped teeth, and 
flattened tooth pavements. The trend has been to divide teeth into morphotypes and 
assign qualitative predictive functions without any biomechanical testing (Peyer, 1968; 
Cappetta, 1987; Motta, 2004).  Small teeth with lateral cusplets are characterized as 
suited for clutching or seizing. These are found within the Orectolobiformes, Squatinidae, 
and Scliorhinidae. Tearing or puncturing teeth have narrow, tall cusps and are usually not 
serrated; examples include teeth of the lamniforms Isurus and Mitsukurina. Teeth whose 
crowns are lingo-labially flattened and widen towards the base are designated as cutting 
teeth; many of the Carcharhinidae fall into this category. Molariform teeth, such as those 
found in the horn sharks and many batoids, fall into crushing and grinding categories 
(Cappetta, 1987; Motta, 2004).  
 Inevitably, links between these functional morphotypes and ecology are made. 
For example, sharks with clutching teeth are often benthic or benthopelagic and 
presumably seize elusive midwater prey. Elasmobranchs with crushing dentition prey 
upon shellfish, small fishes and cephalopods and tend to be benthic or benthopelagic 
(Cappetta, 1987). Those with grinding dentitions are usually benthic and feed upon hard 
prey (Reif, 1976; Nobiling, 1977; Cappetta, 1987; Summers et al., 2004). This leads to 
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predictions about ecology for individual species where information about diet and habitat 
are lacking.  For example, Chlamydoselachus anguineus, the frilled shark, is a poorly 
known deepwater shark. It has been predicted that this shark feeds on cephalopods and 
bottom associated fishes based on its tooth morphology (Compagno, 2001). 
Chaenogaleus macrostoma has a clutching dentition, and it is assumed that it preys on 
small fishes, cephalopods, and crustaceans (Compagno, 1984b). 
  The same tendency to predict ecology and function from tooth morphology exists 
for individual fossil chondrichthyan teeth. The cartilaginous nature of the skeleton leads 
to a fossil record composed almost entirely of teeth. Inferences about ecology are thus 
made from tooth morphology (Peyer, 1968; Cappetta, 1987; Williamson et al., 1993; 
Cicimurri, 2000, 2004; Stahl and Parris, 2004). For example, the Jurassic shark 
Sphendous has high crowned teeth (tearing type) and has been hypothesized to eat soft-
bodied invertebrates, while cochliodont holocephalans are hypothesized to be 
durophagous based on their molariform dentition (Peyer, 1968; Cappetta, 1987). 
Inferences about shark evolution are also made based on tooth morphology and often cite 
aspects of ecology as a driving force of evolution (Schaeffer, 1967; Maisey, 1982). It has 
been hypothesized that selection for larger bladed teeth occurred with a change to a 
macrophageous diet (Williams, 2001); in other words, tooth morphology is determined 
by diet. 
While connections between shark tooth morphology, ecology, and evolution are 
often cited, the existence of a firm relationship between tooth morphology and ecology 
has not been rigorously tested. Based on ecomorphological principles, I hypothesize that 
diet and habitat are predictive of shark tooth shape. While this relationship is often 
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reversed when addressing ecology of individual species, I am interested in a broader 
evolutionary picture. Therefore the goal of this study is to employ phylogenetic 
comparative methods to test, within an evolutionary context, whether a relationship exists 
between shark tooth morphology and ecology. 
 
Materials and Methods 
Specimens 
The goal was to sample at least one species from each extant shark family, excluding 
filter feeders. In some cases, such as within the Carcharhinidae and Lamnidae, tooth 
morphology was quite varied among species; in which case up to four species per family 
were sampled. In total, 28 out of 34 families were sampled, totaling 44 species (Appendix 
C).  A composite phylogeny was compiled using Mesquite 2.5 (Maddison and Maddison, 
2008), based on primarily on Shirai (1996), with additional information for individual 
orders and families from other previously published phylogenies (Compagno, 1988; 
Martin et al., 1992; Naylor, 1992; Shirai, 1996; Goto, 2001) (Fig. 3.1, 3.2).  Branch 
lengths were assigned to unity as branch lengths for the majority of these taxa are 
unknown.  The composite tree was then exported to the PDDDIST program (Garland and 
Ives, 2000), which output a phylogenetic variance-covariance matrix for later analysis. 
 
Ecological information 
Major components for each species’ diet were gathered from the literature (Figure 3.2, 
Appendix D). Diet was then classified in two ways. The first was absence/presence of 
general prey categories: teleost, elasmobranch, shrimp, crab, worms, cephalopod, hard 
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mollusks & echinoderms, and mammal. The second classification grouped prey by 
general hardness: soft (worms, cephalopod), medium (teleost, elasmobranch, shrimp, 
mammal), and hard (hard mollusks & echinoderms, crab) (Kohlsdorf et al., 2008; Huber 
et al., in press) (Appendix E). The latter classification of prey is based on biomechanical 
studies on fish feeding and the different forces required to puncture prey of differing 
material properties (Hernandez and Motta, 1997; Korff and Wainwright, 2004; Chapter 1 
of this dissertation). 
 Both depth and habit were used to classify habitat for each shark species, 
following Musick et al. (2004) (Figure 3.2, Appendix E). For habit, species were 
designated as benthic, benthopelagic, or pelagic. Benthic shark species are bottom-
associated pump ventilators. Benthopelagic species split their time between the water 
column and the bottom and are typically ram ventilators. Pelagic species do not spend 
any time on the bottom and are also ram ventilators. For depth, species were designated 
as coastal, bathyal, or oceanic. Coastal species live at depths between 0-200 m. Both 
bathyal and oceanic species are found in waters deeper than 200 m; however bathyal 
species are associated with the ocean floor while oceanic species are not (Musick et al., 
2004). 
 
Tooth morphometrics 
Tooth shape measurements were taken from twelve teeth from the functional row from 
one to five jaws for each species, specimens permitting (Appendix F). Only teeth from 
the right side of each jaw were used to account for any fluctuating asymmetry in tooth 
shape. For both the upper and lower jaws, counting from the jaw symphysis, teeth 1, 2, 4, 
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5, 7, and 8 were measured (Fig. 3.3). This particular pattern allowed us to sample the 
anterior, middle, and posterior of each jaw. On each tooth, the following measurements 
based in part on Shimada (2005) and on characters previously cited to be related to tooth 
function (Cappetta, 1987; Frazzetta, 1988; Abler, 1992; Motta, 2004) were taken (Fig. 
3.4): base-cusp width (BCW; maximum cusp width), cusp height (CH; perpendicular 
from cusp apex to BCW), mesial cutting edge length (MCL; distance between cusp apex 
and most mesial point of BCW), distal cutting edge (DCL; distance between cusp apex 
and most distal point of BCW), notch width (NW; distance from notch across to MCL, 
parallel to BCW), and notch height (NH; perpendicular from cusp apex to NW). From 
these measurements, three ratios were calculated and used in subsequent analyses: cusp 
aspect ratio (CAR; CH/BCW), apex aspect ratio (AAR; NH/NW), and cusp inclination 
(CI; MCL/DCL). The following measurements were also used in the following analyses: 
base overlap (BO; distance of either base overlap (+) or between bases (-) of adjacent 
tooth divided by the mean of BW for both bases), notch angle (NA; angle taken from 
cusp apex to notch to most distal point of BCW), and cusplet angle (CA; angle taken 
from cusp apex to notch to apex of lateral cusplets or distal heel when present, CA = 0 if 
no cusplets present) 
Other aspects of tooth shape were quantified as discrete states (Appendix E): 
number of lateral cusplets (LAT), presence/absence of molariform teeth (MT; 0 = absent, 
1 = present), lingual-labial cusp curvature (LC; 0 = straight cusp, 1 = curved lingually, 2= 
recurved labially), and degree of serration (SE; 0 = none, 1 = weakly serrated (visible 
under a dissecting microscope), 2= strongly serrated (visible to the naked eye)) (Fig. 3.4). 
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 Statistical analysis 
To determine which ecological variables influence tooth shape, habitat (habit and depth) 
or diet (prey categories or material categories) was set as the independent variables, and 
tooth shape parameters as the dependent variables. Because tooth shape variables were 
both continuous and discrete, we used two separate analyses. The relationships between 
ecological and discrete tooth shape variables were analyzed using pairwise comparisons 
via Mesquite 2.5 (Maddison and Maddison, 2008). This technique investigates 
associations in character states between two binary characters via phylogenetically 
separate pairs, and avoids assumptions about ancestral states and branch lengths (Read 
and Nee, 1995; Maddison, 2000).  Pairs were chosen such that taxa included in each pair 
differed in the states of their independent variable. To satisfy the binary requirement, 
discrete variables were transformed into sets of dummy variables before analysis. A 
significance level of 0.05 was used for all comparisons.  
Continuous tooth shape variables were analyzed using a series of multiple 
regressions via the Matlab program Regressionv2.m (Lavin et al., In press). Each tooth 
shape variable was regressed against habitat (habit and depth) or diet using two separate 
regression models. The first was an ordinary least squares regression (OLS), which does 
not take phylogeny into account. The second regression was a phylogenetic least squares 
regression (PGLS), which used the phylogenetic variance-covariance matrix to produce a 
weighted regression (Garland and Ives, 2000). To determine the best fit for each 
regression set, Akaike Information Criterion (AIC) was used; the regression with the 
lower AIC is the better fit. If the PGLS had the lower AIC, then the data exhibits a 
phylogenetic signal (Lavin et al., In press). Absence of a phylogenetic signal suggests 
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that the relationship is not due to phylogenetic inertia, but instead may be due to 
adaptation (Kohlsdorf et al., 2008). Because teeth might function as subsets or functional 
groups, the analysis was repeated for teeth 1 and 2 grouped as an anterior subset, teeth 4 
and 5 grouped as a lateral subset, and teeth 7 and 8 grouped as a posterior subset, keeping 
lower and upper jaw teeth separate. 
 
Results 
Habit and depth 
Overall, there was no pattern of which tooth variables exhibited significant relationships 
with habit and depth (Appendix G). For habit, only two individual tooth variables showed 
a significant relationship. The notch angle (NA) for tooth 7 of the upper jaw was more 
acute in pelagic sharks than in benthic sharks. There was more base overlap (BO) 
between teeth 4 and 5 in the upper jaw for pelagic sharks than for benthic sharks, and this 
relationship exhibited a phylogenetic signal. Pairwise comparisons revealed no 
significant relationships. 
 More individual relationships existed between tooth variables and depth than with 
habit (Appendix G). Notch angles were more acute in coastal sharks than bathyal sharks 
for tooth 5 of the upper jaw, but the opposite was true of tooth seven of the upper jaw. 
Bathyal sharks had more tooth overlap for teeth 7 and 8 in the lower jaw than coastal 
sharks, and this relationship exhibited a phylogenetic signal. Aspect ratios also had 
relationships with depth. Coastal sharks tended to have broader teeth (lower cusp aspect 
ratio (CAR)) than bathyal sharks for tooth 1 of the lower jaw. The cusp apex tended to be 
narrower and taller (higher apex aspect ratio (AAR)) in teeth 2 and 5 of the upper jaw. Of 
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these, only upper jaw tooth 2 exhibited a phylogenetic signal.  Pairwise comparisons 
showed no significant relationships between discrete tooth variables and depth. 
Because teeth might function as subsets or functional groups, the analysis was 
repeated for teeth 1 and 2 grouped as an anterior subset, teeth 4 and 5 grouped as a lateral 
subset, and teeth 7 and 8 grouped as a posterior subset, keeping lower and upper jaw teeth 
separate.  Again, no overall pattern was found with regards to habitat (Appendix G). 
Bathyal sharks tended to have narrower, taller cusps and apices (greater AAR and CAR) 
for the anterior (1,2) lower jaw teeth. For the same teeth, coastal-bathyal sharks also 
tended to have higher AAR. For posterior (7,8) lower jaw teeth, bathyal sharks also had 
teeth with greater CAR and more acute notch angles compared to coastal and oceanic 
species. Of these, the relationships between the anterior lower jaw group and AAR, and 
the posterior lower jaw group and CAR, exhibited a phylogenetic signal. 
 
Diet 
When major prey items were considered individually, no obvious pattern was found 
(Appendix H).  Sharks that included cephalopods as a major dietary component had 
smaller AARs (taller, narrower cusp apices) for tooth 5 of the upper jaw, while sharks 
that preyed on worms tended to have higher CARs (broader cusps) overall for tooth 7 of 
the upper jaw. Only the relationship between tooth 5 and cephalopods had a phylogenetic 
signal.  BO between teeth 7 and 8 in the upper jaw and 4 and 5 in both the upper and 
lower jaws was also related to diet and exhibited a phylogenetic signal. Teeth 4 and 5 of 
the lower jaw and 7 and 8 of the upper jaw tended to have less overlap if the species 
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included teleosts as a major dietary component, while teeth 4 and 5 of the upper jaw 
overlapped less if shrimp was a major prey item.  
Cusp angle (CA) and notch angle (NA) showed similarly complicated 
relationships. CA was smaller for teeth 1 and 2 of the upper jaw if elasmobranchs were 
included in the diet, while tooth 5 of the upper jaw had smaller CAs if worms were a 
major prey item.  Notch angles for teeth 4, 7, and 8 of the upper jaw also showed a 
significant relationship with diet. Tooth 8 had smaller NAs if teleosts were included in 
the diet, while tooth 7 had larger NAs if elasmobranchs were a major dietary component. 
For tooth 4, NA was smaller if hard mollusks and echinoderms were consumed, and 
higher if elasmobranchs or cephalopods were included in the diet. No phylogenetic signal 
was found for any of these relationships.  Lastly, cusp inclination (CI) was related to diet 
for tooth 1 of the lower jaw and teeth 5, 7, and 8 of the upper jaw. Tooth 1 had lower CIs 
(less inclined) if cephalopods were in the diet, and this was the only variable whose 
relationship with CI exhibited a phylogenetic signal. Tooth 5 was more inclined (higher 
CI) if teleosts were in the diet, where tooth 7 was less inclined if shrimp was included in 
the diet. CI was lower for tooth 8 if shrimp was a major part of the diet, but higher if hard 
mollusks and echinoderms were prey items. Pairwise comparisons identified no 
significant relationships.  
When prey items were pooled by general hardness, still no major pattern emerged 
(Appendix H). Tooth 1 of the upper jaw tended to have higher AAR (narrower, taller 
cusp apices) if hard prey was a part of the diet. Cusps were more inclined (higher CI) for 
tooth 5 of the upper jaw if sharks preyed on medium or hard prey. Less base overlap 
occurred between teeth 1 and 2 and teeth 4 and 5 of the upper jaw if medium prey items 
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were a major dietary component. Of these relationships, only BO for teeth 4 and 5 of the 
upper jaw exhibited a phylogenetic signal. Pairwise comparisons showed no significant 
relationships. 
When teeth were placed into functional groups, no general pattern emerged 
(Appendix H). Anterior (1,2) lower jaw teeth had lower CAR (shorter, broader cusps) if 
worms were a major dietary component, whereas the anterior upper jaw group had a 
higher CAR if elasmobranchs were a major prey item. Anterior upper jaw teeth were 
more inclined if mammals were included in the diet and had lower notch angles if 
elasmobranchs were included in the diet. Lateral (4,5) upper jaw teeth had more acute 
notches if teleosts were a major prey item, and posterior upper jaw teeth had less acute 
notches if teleosts and elasmobranchs were included in the diet. None of these 
relationships exhibited a phylogenetic signal. When prey was pooled by hardness, 
anterior lower jaw teeth were more inclined if hard prey was a major prey item; this 
relationship exhibited a phylogenetic signal. 
 
Discussion 
Ecological morphology assumes a relationship between ecology/behavior and 
morphology and often assumes a predictive power of one to the other (Weins and 
Rotenberry, 1980; Losos, 1990; Motta and Kotrschal, 1992). The basis for this 
relationship is rooted in the idea that environmental constraints on ecology and 
morphology are parallel (Weins and Rotenberry, 1980). Based on ecomorphological 
principles, morphology and ecology should be evolutionarily linked. Thus, I would 
predict that for shark teeth, ecology would be related to tooth morphology as it is for 
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mammals (Van Valkenburgh, 1989; Sacco and Van Valkenburgh, 2004; Evans and 
Sanson, 2005; Lucas et al., 2008), reptiles (Herrel et al., 2004; Jackson and Fritts, 2004; 
Kohlsdorf et al., 2008) or other fishes (Yamaoka et al., 1986; Blaber et al., 1994; 
Delariva and Agostinho, 2005). Often shark teeth are ascribed functional roles without 
biomechanical testing, and then ecology is predicted from tooth morphology.  Some 
studies on elasmobranchs have shown a relationship between tooth shape and ecology, 
however these are largely on a species by species case (Nobiling, 1977; Tricas and 
McCosker, 1984; Cortes et al., 1996; Summers, 2000; Estrada et al., 2006; Ramsay and 
Wilga, 2007; Dean et al., 2008). In this study, the correlated evolution of diet, habit, 
depth, and tooth morphology has been investigated using two comparative methods: 
phylogenetic pairwise comparisons and phylogenetic least square regression.  
While a number of significant isolated relationships between tooth shape and diet, 
habit, and depth were found, there does not appear to be any overall pattern, 
phylogenetically or otherwise. Teeth from the same region of the jaw did not have the 
same relationship with a particular variable. In many instances, a particular tooth would 
have a significant relationship with a habitat or diet variable, and the adjacent tooth 
would not. For example, tooth 8 of the upper jaw was less inclined if shelled mollusks or 
echinoderms were included in the diet, but inclination of the adjacent tooth (tooth 7) did 
not have a significant relationship with diet. The single exception included teeth 7 and 8 
of the lower jaw, both of which were less inclined if shrimp was included in the diet. 
Some relationships contradicted each other. For example, notch angles were more acute 
in coastal sharks than bathyal sharks for tooth 5 of the upper jaw, but the opposite was 
true of tooth seven of the upper jaw. The large number of statistical tests may have led to 
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spurious significant relationships. All together, for tests involving individual teeth, 198 
pairwise comparisons and 396 multiple regressions were performed, for a total of 594 
tests. As the number of tests increases, the chances of making a Type I error, or rejecting 
H0 when it is true, also increases (Quinn and Keough, 2002).  
 Based on these findings, there is no support for predicting the aspects of tooth 
shape in this study from diet or habitat in extant sharks. While this seems 
counterintuitive, lack of a relationship between morphology and ecology has been found 
numerous times (Weins and Rotenberry, 1980; Grossman, 1986; Block et al., 1991). 
Specifically, no relationship between tooth morphology and ecology has been found in 
other studies of teleosts (Motta, 1988; Linde et al., 2004), reptiles (Reif, 1983) and 
mammals (Evans et al., 2007), indicating that this is not an isolated case. It is possible 
that other components of the feeding apparatus are more related to ecology than these 
tooth measures. For example, while the anterior teeth in sparid teleosts were not 
correlated with food type, the shape of the premaxilla was (Linde et al., 2004). However, 
this is contrary to many studies of tooth morphology and ecology in isolated 
elasmobranch species (Nobiling, 1977; Tricas and McCosker, 1984; Cortes et al., 1996; 
Summers, 2000; Estrada et al., 2006; Ramsay and Wilga, 2007; Dean et al., 2008). It is 
likely that other factors may have either obscured any existing relationship or contributed 
to a lack of a relationship between tooth morphology and ecology, including the choice of 
morphological parameters measured, classification of ecology, tooth biomechanics, and 
feeding behavior.  
While every effort was made to choose morphological characters that have been 
previously cited as contributing to tooth function (Nobiling, 1977; Cappetta, 1987; 
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Frazzetta, 1988; Motta, 2004), there are other shape parameters that may be related to 
ecological factors such as diet. For example, the sharpness of the tooth tip was not 
measured, though studies on mammalian teeth have indicated that this directly impacts 
the ability for a given tooth to puncture prey items (Freeman and Weins, 1997; Evans and 
Sanson, 1998; Freeman and Lemen, 2007). The flexible attachment of elasmobranch 
teeth to the jaw has also been linked functionally to diet (Ramsay and Wilga, 2007; Dean 
et al., 2008). Similarly, hinged teeth have been cited as an adaptation for durophagy in 
snakes (Stavitzky, 1981; Jackson et al., 1999)  The amount of tooth deflection could not 
be measured due to the nature of the specimens used in this study, the majority of which 
were either dried jaws or fixed museum specimens. Size may also be a factor leading to 
this lack of fit. Due to the disparity of animal sizes, no direct measure of tooth size was 
included in this analysis; all linear measurements were used to calculate ratios (AAR, 
CAR, CI, BO). One of the “shape” parameters included in the description of clutching 
dentition is small tooth size (Cappetta, 1987; Motta, 2004). The size of the predator and 
its feeding apparatus imposes constraints on diet and ecology (Wainwright and Richard, 
1995).  
The way in which ecology was classified may also contribute to the lack of 
ecomorphological relationship. The categorization of habitat into habit (benthic, 
benthopelagic, pelagic) and depth (costal, oceanic, pelagic) may have been too coarse; for 
example, it has been shown that microhabitat is correlated with morphology in seagrass 
teleosts (Motta et al., 1995). Similarly, our diet categorization may have lead to a lack of 
ecomorphological pattern. The dietary data used in this study was based on the most 
common prey items for each species and was categorized by taxonomy and presumed 
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material properties. It has been argued that prey should be organized by the functional 
challenges that they pose to the predator, which includes elusivity and prey size (Motta, 
1988; Luczkovich et al., 1995; Norton, 1995; Norton et al., 1995; Linde et al., 2004). The 
material properties of prey are just one of many possible functional challenges.  
Additionally, a predator’s choice of prey may not correspond with the upper 
limits of performance by the predator. The lacertilian lizard Varanus niloticus has blunt 
teeth, but does not specialize in hard prey; instead it eats a variety of organisms, 
including eggs, insects, and small vertebrates; on the other hand, Ophisaurus apodus, 
another lacertilian with blunt teeth, preys on snails (Reif, 1983). The teeth of carnivorous 
bears, such as polar bears Ursus maritimus, are similar to omnivorous canids, such as 
African wild dogs Lycaon pictus; this may be due to a similarity in preference for prey 
smaller than their own body size which allows less reliance on specialized craniodental 
adaptation (Sacco and Van Valkenburgh, 2004). Heterodontus are known for their 
molariform teeth and inclusions of hard prey in the diet, however these sharks will feed 
on softer prey if it is available (Reif, 1983). 
  When teeth were analyzed as functional groups (anterior, lateral, posterior), the 
same lack of a pattern was found and the tests did not yield many significant 
relationships. Further confounding the relationship between ecology and performance, 
performance testing results indicated that not only did many shark teeth perform puncture 
and draw equally well, but also that teeth with different morphology often performed 
equally well (see Chapter 1). Thus, teeth with different shapes may be functionally 
equivalent, which would contribute to an absence of an ecomorphological relationship. 
The same tooth may also be used to process prey items with different material properties. 
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For example, Chiloscyllium plagiosum, which has typical small “clutching” teeth with 
multiple lateral cusplets, will feed on cephalopods, teleosts, and crabs. Teeth remain erect 
when processing softer prey items, such as cephalopods and teleosts, and passively 
depress to crush the hard carapace of crabs (Ramsay and Wilga, 2007). While this is a 
dramatic example, many sharks include prey items of varying material properties in their 
diet (Compagno, 1984a, b). Even a prey category such as “teleosts” will encompass prey 
items with various material properties. Sheepshead Archosargus probatocephalus, 
require more force for penetration by shark teeth than do ladyfish Elops saurus; A. 
probatocephalus has thicker, larger scales than E. saurus (see Chapter 1). As shark teeth 
must fulfill their biological role in different loading regimes (puncturing, cutting, etc.) 
with prey of different properties, it is unlikely that a firm link between tooth shape and 
ecology exists. 
  Behavior likely contributes to the lack of a relationship between tooth 
morphology and ecology. In addition to having a functional apparatus to capture prey, 
predators also must have the ability to effectively use the apparatus via the appropriate 
prey capture behavior (Ferry-Graham et al., 2002). Morphology thus has been shown to 
be correlated not only with diet but with feeding behavior (Motta et al., 1995; Norton, 
1995). For some butterflyfishes (Chaetodontidae), it has been suggested that how these 
fishes feed on coral (nipping versus scraping) rather than the fact that they feed on coral 
tissues is more ecomorphologically important (Motta, 1988). In elasmobranchs, several 
behaviors reduce prey to manageable pieces. The cookie cutter shark Isistius brasiliensis 
will remove plugs of tissue from marine mammals by biting and rotating the entire body 
(Jones, 1971; Compagno, 1984a; LeBeouf et al., 1987; Shirai and Nakaya, 1992), 
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whereas the white shark Carcharodon carcharias uses head shaking (Frazzetta and 
Prange, 1987).  Though both species possess broad, triangular teeth with visible 
serrations, there is a great difference in size and base overlap. The nurse shark 
Ginglymostoma cirratum, which has small multi-cusped clutching teeth, will employ a 
spit-suck behavior to break up large prey (Matott et al., 1995), whereas carcharhinid 
sharks such as the bull shark Carcharhinus leucas, which have broad serrated cutting 
teeth, will use head shaking (Frazzetta and Prange, 1987).  
When structures have multiple biological roles, they may not be optimized for any 
one role, making correlations between form and function difficult (Reif, 1983; Lauder, 
1995; Koehl, 1996; Domenici and Blake, 2000). In addition to feeding, teeth in 
elasmobranchs are used for gripping females during mating, and this has also been shown 
to be related to tooth morphology in elasmobranchs  (Springer, 1967; Compagno, 1970; 
Fedducia and Slaughter, 1974; McCourt and Kerstitch, 1980; Compagno, 1988; Kajiura 
and Tricas, 1996). Tooth morphology may therefore not soley reflect adaptations to 
feeding. 
The lack of a relationship between these aspects of tooth morphology and 
ecological variables has implications for the paleobiology of sharks. The chondricthyan 
skeleton is composed primarily of cartilage, which does not fossilize well. This leads to a 
fossil record composed primarily of teeth. Information about habitat can be obtained from 
rock facies and concurrent fossils, but few fossils preserve direct evidence of shark diet 
(Zangerl and Richardson, 1963; Mapes and Hansen, 1984; Williams, 1990; Martill et al., 
1994; Mapes et al., 1995; Schwimmer et al., 1997; Shimada and Hooks III, 2004; Kriwet 
et al., 2008). Instead, assumptions about diet are made based on tooth morphology, both 
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with and without information from the surrounding rocks (Peyer, 1968; Zangerl, 1981; 
Lund, 1985, 1990; Whitenack et al., 2002; Elliott et al., 2004). While it may be tempting 
to maintain a link between ecology and tooth shape for Cenozoic fossil sharks that have 
teeth that are very similar to their living relatives, this analysis does not support this 
practice. This is especially true for tooth morphologies that are geometrically far removed 
from modern sharks, such as cladodont and xenacanthid sharks.  Perhaps a better strategy 
for interpreting feeding ecology would be to couple paleontological information on 
depositional environment and possible prey items with biomechanical testing such as 
performance testing and finite element analysis. This would give paleobiologists an idea 
of what teeth are actually capable of and thus refine hypotheses of function, biological 
role, and feeding ecology. 
 
Conclusions 
In this study, phylogenetic comparative methods were employed to test whether 
diet and habitat are predictive of shark tooth shape. Based on ecomorphological 
principles, I hypothesized that diet and habitat are predictive of shark tooth shape. While 
some significant relationships were identified between aspects of tooth morphology and 
diet and habitat, the relationships were largely isolated and no clear pattern emerged. This 
suggests that the aspects of shark tooth morphology measured here are not related to 
ecology. Studies where ecological information is lacking have tended to use tooth shape 
to make assumptions about ecology, which this study does not support. Future studies 
incorporating prey capture behavior and other tooth functions, such as use of teeth during 
mating, may elucidate the relationship between tooth morphology and ecology. 
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Figure 3.1: Phylogenetic tree of species included in this study, based on Compagno, 
1988; Martin et al., 1992; Naylor, 1992; Shirai, 1996; Goto, 2001. Branches are not 
drawn to scale.  
  
 
Figure 3.2: Phylogenetic tree of species included in this study, with tooth morphology 
and ecology. B = benthic, BP = benthopelagic, P = pelagic, Ba = bathyal, C = coastal, O 
= oceanic, CB = coastal/bathyal, CO= costal/oceanic, E = elasmobranch prey, T = teleost, 
Sh = shrimp, Ce = cephalopod, M = mammal, Em = hard echinioderm/mollusk, w = 
worm. Prey items are color coded by hardness: Blue = soft, Red = medium, Green = hard. 
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Figure 3.2 (continued). 
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Figure 3.2 (continued). 
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Figure 3.3: Upper jaw of Carcharhinus leucas illustrating tooth positions sampled and 
base overlap measurement (BO). S = symphysis. The same counting scheme applies to 
the lower jaw. 
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Figure 3.4: Tooth measurements taken for evolutionary analysis. BCW = base-cusp 
width, BW = base width, CA = cusp angle, CH = cusp height, DCL = distal cutting edge, 
LC = lingo-labial curvature, MCL = mesial cutting edge, NA = notch angle, NH = notch 
height, NW= notch width. 
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Conclusions 
 
 
The overall goal of this study was to investigate the biomechanics and evolution 
of extant and extinct shark teeth. All parts of this study revolve around tooth morphology, 
as tooth forms are often ascribed qualitative functions without any biomechanical testing 
and morphology is used to infer function and ecology in both extant and extinct sharks. 
For the first part of this study, I investigated the performance of three general 
categories of extant teeth, tearing-type, cutting-type, and cutting-clutching type, as well 
as three fossil morphologies, on a variety of prey items. The goals of this study were to: 
(1) Determine the forces necessary for individual teeth to penetrate a variety of fish and 
crustacean prey representative of shark diets; (2) Determine what differences in 
penetration force and efficiency occur among tooth types; (3) Compare performance 
between different cutting regimes for a given tooth morphology and (4) Determine which 
morphological aspects, if any, of tooth shape are predictive of tooth performance. 
Differences in puncturing performance occurred among different prey items, indicating 
that not all “soft” prey items are alike. The majority of teeth were able to puncture 
different prey items, and differences in puncture performance also occurred among tooth 
types; however, few patterns emerged. Force to puncture was less than the maximum 
force that occurred during draw tests, however there were no differences between the 
maximum draw forces and maximum puncture forces. Few morphological patterns were 
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identified. In some cases, broader triangular teeth were less effective at puncturing than 
narrow-cusped teeth. Teeth from Galeocerdo cuvier, Prionace glauca,Hexanchus 
griseus, and Sphyrna mokarran were unable to puncture many of “soft” prey items. The 
flat surface of the tooth-prey contact may decrease stress on the prey item to the extent 
that puncture (failure) is not possible. No morphological characteristics were correlated 
with maximum draw force. Many of the shark teeth in this study were not only able to 
perform draw and puncture equally well, but tooth morphologies were functionally 
equivalent to each other. This does not support the use of tooth morphology to predict 
biological role. 
The second part of this study was a quantitative study of structural mechanics and 
materials of shark teeth. The first goal was to determine the material properties for 
enameloid, osteodentine, and orthodentine via nanoindentation. While shark dentines are 
harder than other vertebrate dentines, enameloid has similar hardness and Young’s 
modulus to mammalian enamel. This latter relationship may be due to similar 
microstructures between shark enameloid and mammalian enamel. I then used finite 
element analysis to visualize stress distributions of fossil and extant shark teeth during 
puncture, unidirectional draw (cutting), and holding. The specific goals for this portion of 
the study were to determine if tooth morphologies are more structurally strong during 
different loading regimes and to examine the role of morphological features, such as 
notches or cusp shape, on stress distribution. Under the loading and boundary conditions 
in this study, which are consistent with bite forces of large sharks, shark teeth are 
structurally strong. Teeth loaded in puncture have localized stress concentrations at the 
cusp apex that diminish rapidly away from the apex. When loaded in draw and holding, 
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the majority of the teeth show stress concentrations consistent with mechanically sound 
cantilever beams. Notches result in stress concentration during draw and may serve as a 
weak point; however they are functionally important for cutting prey during lateral head 
shaking behavior. As shark teeth are replaced regularly, it is proposed that the frequency 
of tooth replacement in sharks is driven by tooth wear, not tooth failure. This is supported 
by the results from performance testing, as teeth that contacted prey with relatively flat 
surfaces (high surface areas) did not successfully puncture; when teeth become worn, the 
surface area of the tooth-prey contact increases which may prohibit puncture. 
The third part of this study employed phylogenetic comparative methods to test 
whether diet and habitat are predictive of shark tooth shape. Based on ecomorphological 
principles, I hypothesized that diet and habitat are predictive of shark tooth shape. While 
some significant relationships were identified between aspects of tooth morphology and 
diet and habitat, the relationships were largely isolated and no clear pattern emerged. This 
suggests that shark tooth morphology, as measured here, is not related to ecology. Studies 
where ecological information is lacking have tended to use tooth shape to make 
assumptions about ecology, which this study does not support. Future studies 
incorporating prey capture behavior and other tooth functions, such as use of teeth during 
mating, may elucidate the relationship between tooth morphology and ecology.  
Clearly, we have just begun to investigate shark tooth biomechanics and the 
ecomorphological implications. Lacking clear ecomorphological and biomechanical 
correlations it is difficult to conjecture about the evolution of shark teeth and their 
biological roles without more information. This study primarily addressed the 
performance and biomechanics of isolated teeth, the majority of which are bladed. There 
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are other morphologies of extant shark teeth that were not included in this study, 
including the molariform teeth of heterodontid sharks, the multicusped teeth of the 
prickly shark Echinorhinus cookei, and the unique tricuspid teeth of the frilled shark 
Chlamydoselachus anguineus, for which there is no performance data.  In reality, sharks 
teeth form a functional complex that work together. How teeth of the upper and lower 
jaws shear past each other and how teeth of the same jaw affect puncture and cutting 
during draw are unanswered questions. Including these parameters may elucidate a better 
link between tooth morphology and performance. Furthermore, other aspects of teeth 
need to be addressed, including flexible tooth attachments (but see Ramsay and Wilga, 
2007), tooth base overlap that may transmit forces to linked teeth (Frazzetta, 1988), 
lateral cusplets, and edge sharpness. 
While I have presented the first performance and structural mechanics tests on 
fossil teeth, I have only sampled three teeth from over 400 million years of evolution. 
Even within broad generalizations of fossil shark tooth morphology (e.g. cladodont, 
xenacanth, hybodont), several different morphologies exist that remain untested (Zangerl, 
1981; Cappetta, 1987).  Predicting ecology from tooth morphology is prevalent in 
paleontological studies, where the cartilaginous nature of the skeleton leads to a fossil 
record composed primarily by isolated teeth. This analysis does not support this practice, 
especially for tooth morphologies that are geometrically far removed from modern 
sharks, such as cladodont and xenacanthid sharks. Instead, a better strategy for 
interpreting feeding ecology would be to couple paleontological and geological 
information with biomechanics to generate hypotheses of paleoecology. This would give 
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paleobiologists an idea of what teeth are actually capable of and thus refine hypotheses of 
function, biological role, and feeding ecology. 
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Appendix A: 
 
Tooth Measurements Taken for Canonical Correlates Analysis
 Appendix A: See Chapter 1 for abbreviations.  BCW, BW, CH, DCL, MCL, NCW, and NH are measured in millimeters. CA and 
NA are measured in degrees. 
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S. ringens
H. g
G. c
C. leucas
C. limbatus
P. glauca
I. ox
C. ca
S. mokarran
N. b
Species
I. ox
 
AAR CAR BCW BW CH CA DCL CI
Mean 3.01 2.74 4.25 7.15 10.83 0.00 10.43 1.21
SD 0.88 1.17 1.35 0.61 0.76 0.00 0.29 0.11
Mean 1.32 1.09 4.40 7.23 5.35 0.00 4.60 1.65
SD 0.07 0.20 0.96 0.15 0.78 0.00 1.13 0.42
Mean 1.42 1.36 16.43 19.10 22.20 0.00 22.70 1.03
SD 0.07 0.07 3.33 2.86 3.43 0.00 3.37 0.04
Mean 0.88 0.80 12.22 12.72 9.48 0.00 8.58 1.73
SD 0.13 0.07 1.21 1.06 1.47 0.00 2.08 0.25
Mean 0.63 0.66 21.28 21.56 13.28 74.80 14.80 1.38
SD 0.05 0.05 6.28 6.13 4.89 12.87 6.55 0.21
Mean 0.85 0.72 20.18 22.14 14.44 0.00 15.02 1.34
SD 0.05 0.06 2.57 2.80 1.31 0.00 1.49 0.05
Mean 1.31 0.82 12.60 13.75 10.25 0.00 10.35 1.20
SD 0.19 0.07 1.27 2.19 0.21 0.00 0.07 0.01
Mean 0.93 0.82 12.28 13.96 9.98 0.00 11.54 1.22
SD 0.09 0.05 2.13 2.69 1.27 0.00 1.73 0.53
Mean 1.67 0.91 12.53 14.33 11.34 0.00 12.16 1.05
SD 0.06 0.12 2.29 2.25 1.70 0.00 1.99 0.05
Mean 1.86 1.99 4.00 3.65 7.60 97.60 7.80 0.98
SD 0.01 0.56 1.27 0.35 0.28 15.84 0.71 0.05
Mean 0.59 0.32 29.90 30.83 9.70 54.20 17.73 1.18
SD 0.03 0.04 6.41 6.99 2.45 1.98 7.48 0.48
riseus
uvier
yrinchus (l)
rcharias
revirostris
yrinchus (a)
 
 
 Appendix A (continuted): 
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Species
I. ox
I. ox
C. ca
S. mokarran
G. c
C. leucas
C. limbatus
P. glauca
N. b
S. ringens
H. g
MCL NCW NH NA BO LAT LC SE
Mean 12.63 2.80 7.87 148.97 -14.56
SD 1.23 0.95 0.06 2.49 14.21
Mean 7.35 2.80 3.70 100.75 -17.53
SD 0.07 0.14 0.00 13.51 12.04
Mean 23.33 14.10 19.90 169.53 -4.17
SD 3.02 3.01 3.47 8.69 8.33
Mean 14.50 7.50 6.60 127.55 15.67
SD 1.65 0.48 1.25 12.12 70.59
Mean 19.48 10.60 6.60 112.00 2.67
SD 5.90 3.70 1.91 19.31 3.82
Mean 20.22 11.35 9.68 146.23 21.58
SD 2.45 0.57 0.54 6.72 3.58
Mean 12.40 6.25 8.00 125.70 3.60
SD 0.00 1.77 1.13 0.14 0.57
Mean 13.46 6.98 6.46 116.68 23.49
SD 4.76 0.98 1.07 3.75 3.83
Mean 12.70 5.40 9.00 120.86 7.96
SD 2.13 1.10 1.67 4.09 5.41
Mean 7.60 4.40 8.20 131.20 29.29
SD 0.28 0.85 1.56 8.91 7.60
Mean 18.73 7.00 4.15 83.80 0.00
SD 0.71 0.99 0.78 4.67 0.00
yrinchus (a)
yrinchus (l)
rcharias
uvier
revirostris
riseus
0 2
0 1
0 1
0 1
0
0 2 0
2
0 1 2
2
0 1 2
1
0 1 2
0 1 2
0 2 0
0 0 2
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Appendix B: 
 
Finite Element Models 
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Appendix C: 
 
Specimens Used for Evolutionary Analysis 
 Appendix C: AMNH: American Museum of Natural History, FLMNH = Florida Museum of Natural History, FMNH = Field 
Museum of Natural History, GH = Private collection of Gordon Hubbell, NMNH = National Museum of Natural History (Smithsonian 
Institution), USF = University of South Florida, UT = University of Tampa. 
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Het
Orectolobidae
Hemiscyllidae
Stegostom
Ginglym
Mit
Family Species Collection Specimen TL (cm) Sex
erodontidae Heterodontus francisci GH WALL 86 F
UT A 74 M
UT B 72 F
UT C 67 M
UT DES 06-09 69 F
Orectolobus maculatus FMNH 86308 - -
GH - - -
GH - - -
NMNH 39999 65 F
NMNH 40004 52 F
Chiloscyllium plagiosum GH - 58 F
atidae Stegostoma fasciatum GH BIN - -
GH "Phuket, Thailand" - -
ostomidae Ginglymostoma cirratum FLMNH 48301 228 -
FLMNH 209077 244 F
GH 1-27-99 243 M
GH "207 lb." 248 M
GH 30-3-99 245 M
sukurinidae Mitsukurina owstoni NMNH 50972 - F  
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Alo
Odo
P
La
piidae Alopias superciliosus FLMNH 010302002.01 - -
NMNH 110927 - -
USF ASUP01 244 -
USF ASUP02 - -
ntaspididae Carcharias taurus USF CTAUR01 - -
FLMNH 47900 - -
FLMNH 19705007.017 240 -
FMNH 31193 - -
seudocarcharinidae Pseudocarcharias  kamoharai FLMNH 47481 102 F
FLMNH 147758 86 F
FLMNH BURGESS - -
FMNH 117471 101 M
NMNH 309254 107 M
mnidae Isurus oxyrinchus USF LISAMAKO42305 229 -
FLMNH 30102013.28 163 F
FLMNH ISHAF - -
GH ISUR-1-18 239 M
USF ISUR02 - -
Carcharias charcharodon AMNH 53095 - -
FLMNH 48285 262 F
FLMNH 20105018.01 237 M
NMNH 27374 - -
NMNH 110889 - -  
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Sc
P
Tria
Ca
Lamna nasus NMNH 125884 - -
FMNH 51197 - -
USF LNAS01 218 M
yliorhinidae Scyliorhinus retifer FLMNH 36359 34 M
FLMNH 36359 38 M
FLMNH 36359 40 M
FLMNH 36359 32 F
Galeus arae GH "Cape Canaveral" 28 F
Paramaturus xaniurus FLMNH 166782 48 F
seudotriakidae Pseudotriakis microdon GH "Senegal 4-13-98" 216 M
kidae Triakis semifasciata GH CASE 158 F
rcharhinidae Carcharhinus leucas FLMNH 39601009.01 278 F
FLMNH 20229 229 F
USF CLEU05 244 -
USF CLEU02 226 -
USF CLEU04 340 -
Carcharhinus limbatus FLMNH 110301939.019 178 F
FLMNH 40501914.03 156 F
Galeocerdo cuvier FLMNH DES 06-09 350 M
FLMNH 30501903.03 332 M
FLMNH 50501903.83 228 F
FLMNH 70301302.02 219 M
FLMNH 79801029 327 F  
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Sphy
Carcharhinus perezi FLMNH 208612 - -
FLMNH 209074 224 F
FLMNH 209076 - -
FLMNH 604012016.9 190 M
USF CPERE03 - -
Carcharhinus plumbeus USF CPLU07 191 F
USF CPLU08 180 F
USF CPLU06 178 F
Negaprion brevirostris FLMNH Z9239 - -
FLMNH 208854 213 -
FLMNH 144750 - -
FLMNH 208425 - -
FMNH 51202 - -
Prionace glauca AMNH 89126 237 M
AMNH 42154 - -
AMNH 89229
USF PRIO01 290 -
USF PRIO02 - M
rinidae Sphyrna mokarran FLMNH 030101020.16 350 -
FLMNH 040401902.18 319 F
FLMNH 079901007.04 300 M
FLMNH 080501902.121 305 M
FLMNH 110405937.20 347 F  
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Sphyrna tiburo USF LISATIB - F
USF STIB02 89 F
USF STIB03 92 F
USF STIB04 88 F
USF STIB06 84 F
migaleidae Hemipristis elongata AMNH 89025 130 M
AMNH 89026 97 M
AMNH 89038 93 F
FLMNH 48116 - -
NMNH 263799 - -
Paragaleus pectoralis AMNH 79928 108 F
NMNH 232979 98 F
NMNH 232981 104 M
NMNH 232980 113 M
Hemigaleus microstoma AMNH 89036 86 M
AMNH 89037 61 F
AMNH 89040 80 M
AMNH 89041 70 F
hlamydoselachidae Chlamydoselachus anguineus FLMNH 1665 126 M
FMNH 34236 - -
GH 8-26-98 162 F
NMNH 48530 - M
NMNH 203466 - M  
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Hexanchida
Notory
Echinorhinidae
Som
Et
e Hexanchus griseus AMNH 78171 252 F
AMNH 78173 294 F
NMNH 104474 108 M
NMNH 188048 433 F
USF HEXG01 297 F
nchidae Notorynchus cepedianus GH - - -
GH "Humbolt" 246 F
GH WALL 225 M
NMNH 87681 66 M
Echinorhinus cookei FLMNH 103000 244 F
GH 2-8-1999 213 -
GH "3-4-01 Henke" 208 F
GH "Near Ventura" 203 F
niosidae Scymnodon ringens GH WALL 96 F
USF SCYM01 - -
Somniosus microcephalus USF SOMN01 305 F
AMNH 78352 - -
FMNH 51405 - -
mopteridae Aculeola nigra NMNH 220208 44 M
NMNH 220208 42 M
Etmopterus virens FLMNH 27950 21 M
FLMNH 27950 23 F
FLMNH 27950 21 F
FLMNH 148246 26 F  
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Ox
Da
Centrophor
Squ
Squ
Pristiophor
Etmopterus lucifer FLMNH 41668 45 F
FLMNH 41668 47 F
FLMNH 41668 34 F
ynotidae Oxynotus  bruniensis GH CASE 67 F
latiidae Dalatias licha AMNH 78306 110 M
AMNH 78308 116 M
FMNH 33944 - -
USF DALA01 - -
USF DALA02 - -
idae Centrophorus granulosus FLMNH 30160 85 M
FLMNH 30163 88 F
FLMNH 79579 94 M
FLMNH 161527 104 F
FLMNH 161527 107 F
alidae Squalus acanthias USF SACAN01 32 F
SACAN02 26 F
SACAN03 25 F
SACAN04 31 F
SACAN05 28 F
atidae Squatina dumeril GH 12-9-1999 125 M
NMNH 110892 - -
idae Pristiophorus cirratum GH CASE 137 -  
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Castro, J. I. 2000. The biology of the nurse shark, Ginglymostoma cirratum, off the 
Florida east coast and the Bahama Islands. Environmental Biology of Fishes 58:1-
22. 
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and illustrated catalogue of shark species known to date, Part 2: 
Carcharhiniformes. Food and Agriculture Organization of the United Nations, 
Rome. 
Compagno, L. J. V. 2001. Sharks of the World: An annotated and illustrated catalogue of 
shark species known to date. Volume 2. Bullhead, mackerel and carpet sharks 
(Heterodontiformes,  Lamniformes and Orectolobiformes). FAO Species 
Catalogue for Fishery Purposes. 2:1-269. 
Compagno, L. J. V., M. Dando, and S. Fowler. 2005. Sharks of the World. Princeton 
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Cross, J. N. 1988. Aspects of the biology of two scyliorhinid sharks, Apristurus brunneus 
and Paramaturus xaniurus, from the upper continental slope off southern 
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Sp
He
Orectolobus m
Gi
Stegost
Ch
Mitsu
Pseudo
Ca
Al
Lam
Isu
Ca
Sc
Ga
Pa
Pseudo
Tr
He
He
Pa
Sp
Sp
ecies Depth Habitat Elasmo Teleost Shrimp Crab Ceph Worm EchMol Mammal
terodontus francisci 0 0 0 0 1 1 1 0 1 0
aculatus 0 3 1 1 0 1 1 0 0 0
nglymostoma cirratum 0 0 0 1 0 1 1 0 0 0
oma fasciatum 0 0 0 1 1 1 0 0 1 0
iloscyllium plagiosum 0 0 0 1 0 1 0 1 0 0
kurina owstoni 1 2 0 0 0 0 1 0 0 0
carcharias kamoharai 2 1 0 1 1 0 1 0 0 0
rcharias taurus 1 0 1 1 0 0 0 0 0 0
opias superciliosus 2 4 0 1 0 0 1 0 0 0
na nasus 2 4 1 1 0 0 1 0 0 0
rus oxyrhincus 2 4 0 1 0 0 1 0 0 0
rcharias charcharodon 1 4 1 1 0 0 0 0 0 1
yliorhinus retifer 0 3 0 1 1 0 1 0 0 0
leus arae 0 3 0 0 1 0 0 0 0 0
ramaturus xaniurus 0 3 0 0 1 1 0 0 0 0
triakis microdon 1 2 0 1 0 0 0 0 0 0
iakis semifasciata 1 0 0 1 1 1 0 1 0 0
mipristis elongata 1 0 0 1 0 0 1 0 0 0
migaleus microstoma 1 0 0 0 0 0 1 0 0 0
ragaleus pectoralis 1 0 0 0 0 0 1 0 0 0
hyrna mokarran 1 4 1 1 0 0 0 0 0 0
hyrna tiburo 1 0 0 0 1 1 0 0 0 0  
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Species
Heterodontus francisci
Orectolobus m
Gi
Stegostom
Ch
Mitsu
Pseudocarcharias kam
Ca
Al
Lam
Isurus oxyrhin
Carcharias cha
Scyliorh
Galeus arae
Param
Pseudotriakis m
Triakis sem
Hem
Hem
Paragaleus pectoralis
Sphyrna m
Sphyrna t
Soft Med Hard SE Lower SE Upper LC Lower LC Upper LAT MT
1 0 1 0 0 1 1 1 1
aculatus 1 0 1 0 0 0 0 0 0
nglymostoma cirratum 1 0 1 0 0 1 1 1 0
a fasciatum 0 1 1 0 0 1 1 1 0
iloscyllium plagiosum 1 1 1 0 0 2 2 2 0
kurina owstoni 1 0 0 0 0 2 2 0 0
oharai 1 1 0 0 0 2 1 0 0
rcharias taurus 0 1 0 0 0 1 2 1 0
opias superciliosus 1 1 0 0 0 1 2 0 0
na nasus 1 1 0 0 0 1 2 1 0
cus 1 1 0 0 0 2 2 0 0
rcharodon 0 1 0 2 2 1 1 0 0
inus retifer 1 1 0 0 0 1 1 1 0
0 0 0 0 0 1 1 1 0
aturus xaniurus 0 0 1 0 0 ? ? 1 0
icrodon 0 1 0 0 0 1 1 1 1
ifasciata 1 1 1 0 0 1 1 1 0
ipristis elongata 1 1 0 1 2 1 0 0 0
igaleus microstoma 1 0 0 0 2 1 1 0 0
1 0 0 0 2 1 1 0 1
okarran 0 1 0 2 2 0 1 0 0
iburo 0 0 1 0 2 1 1 0 1  
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Sp
Ca
Ca
Ca
Ca
Negaprion b
Pri
Ga
Cent
Sq
Sq
Pr
Oxynotus bruni
Scym
So
Da
Acul
Et
Et
Echi
He
No
Ch
ecies Depth Habitat Elasmo Teleost Shrimp Crab Ceph Worm EchMol Mammal
rcharhinus perezi 1 0 0 1 0 0 0 0 0 0
rcharhinus leucas 1 0 1 1 0 0 0 0 0 1
rcharhinus plumbeus 1 0 0 1 0 1 1 0 0 0
rcharhinus limbatus 1 0 0 1 0 0 0 0 0 0
revirostris 1 0 1 1 0 0 0 0 0 0
onace glauca 2 1 0 1 0 0 1 0 0 0
leocerdo cuvier 0 4 1 1 0 1 0 0 0 0
rophorus granulosus 1 2 0 1 0 0 1 0 0 0
ualus acanthias 1 0 0 1 1 0 1 0 0 0
uatina dumeril 0 0 0 1 0 0 0 0 0 0
istiophorus cirratum 1 3 0 1 1 1 0 0 0 0
ensis 0 2 ? ? ? ? ? ? ? ?
nodon ringens 1 2 0 1 1 1 0 0 0 0
mniosus microcephalus 1 3 0 1 0 0 0 0 0 1
latias licha 1 2 1 1 0 0 0 0 0 0
eola nigra 1 3 0 1 1 1 1 0 0 0
mopterus virens 1 2 0 0 0 0 1 0 0 0
mopterus lucifer 1 2 0 1 0 0 1 0 0 0
norhinus cookei 1 2 1 1 0 0 1 0 0 0
xanchus griseus 1 2 1 1 0 0 1 0 0 1
torynchus cepedianus 1 0 1 1 0 0 0 0 0 1
lamydoselachus anguineus 1 2 0 0 0 0 1 0 0 0  
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Species
Ca
Carcharhi
Carcharhi
Carcharhi
Negaprion brevirostris
Prionace glauca
Ga
Centrophorus
Sq
Squatina dum
Pr
Oxynot
Scym
Som
Da
Acul
Et
Et
Echinorhinus cookei
Hexanchus griseus
Not
Chlam
Soft Med Hard SE Lower SE Upper LC Lower LC Upper LAT MT
rcharhinus perezi 0 1 0 1 2 1 2 0 0
nus leucas 0 1 1 2 2 1 1 0 0
nus plumbeus 1 1 1 1 2 1 0 0 0
nus limbatus 0 1 0 1 2 1 1 0 0
0 1 0 0 2 2 1 0 0
1 1 0 2 2 2 1 0 0
leocerdo cuvier 0 1 1 2 2 1 1 0 0
 granulosus 1 1 0 0 0 0 1 0 0
ualus acanthias 1 1 0 0 0 0 0 0 0
eril 0 1 0 0 0 2 2 0 0
istiophorus cirratum 0 1 1 0 0 1 1 0 1
us bruniensis ? ? ? 0 0 1 1 1 0
nodon ringens 0 1 1 0 0 2 2 0 0
niosus microcephalus 0 1 0 0 0 0 1 0 0
latias licha 0 1 0 0 2 1 0 0 0
eola nigra 1 1 1 0 0 1 1 0 0
mopterus virens 1 0 0 0 0 0 1 1 0
mopterus lucifer 1 1 0 0 0 0 1 1 0
1 1 0 2 2 1 1 1 0
1 1 0 2 2 0 1 0 1
orynchus cepedianus 0 1 0 2 0 0 1 0 1
ydoselachus anguineus 1 0 0 0 0 2 2 2 0
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 Appendix F: Heterodontus francisci.. See Chapter 3 for abbreviations.  
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.48 1.21 2.00 2.50 2.35 76.00 2.50 1.04 2.60 1.15 1.70 172.30
SD 0.09 0.36 0.42 0.00 0.21 8.91 0.00 0.06 0.14 0.07 0.00 8.06
Mean 1.44 1.21 2.10 2.85 2.45 69.55 2.55 1.10 2.80 1.15 1.65 167.35
SD 0.27 0.41 0.42 0.07 0.35 11.81 0.35 0.04 0.28 0.07 0.21 11.53
Mean 1.41 1.13 1.95 2.35 2.20 65.25 2.35 1.06 2.50 1.10 1.55 162.35
SD 0.01 0.02 0.21 0.21 0.28 5.30 0.21 0.15 0.57 0.14 0.21 2.62
Mean 0.68 0.54 2.80 3.05 1.45 78.60 1.60 1.62 2.60 1.50 0.90 121.55
SD 0.32 0.16 0.71 1.20 0.07 4.38 0.14 0.12 0.42 0.71 0.00 26.23
Mean 0.17 5.90 6.40 1.00 3.20 0.97 3.10
SD
Mean 0.17 5.40 5.50 0.90 2.90 0.97 2.80
SD
Mean 1.29 1.05 1.93 2.53 2.25 92.00 2.50 1.00 2.50 1.20 1.55 167.05
SD 0.18 0.00 0.38 0.57 0.07 5.37 0.00 0.06 0.14 0.00 0.21 8.84
Mean 1.41 1.19 1.93 2.37 2.23 73.95 2.40 1.04 2.50 1.17 1.53 166.03
SD 0.39 0.26 0.40 0.75 0.06 2.33 0.20 0.07 0.26 0.42 0.21 1.46
Mean 1.26 0.97 1.97 2.43 1.90 79.30 2.07 1.10 2.27 1.13 1.40 157.93
SD 0.30 0.18 0.12 0.25 0.26 13.86 0.15 0.01 0.15 0.23 0.26 5.97
Mean 0.89 0.73 2.10 2.43 1.40 96.40 1.60 1.44 2.15 1.25 0.90 153.35
SD 0.68 0.47 0.40 0.47 0.57 0.57 0.55 0.07 0.64 0.28 12.66
Mean 0.52 0.35 3.83 4.13 1.17 92.15 2.07 1.38 2.63 1.65 0.85 118.00
SD 0.02 0.18 1.89 1.71 0.38 7.00 1.00 0.38 0.64 0.21 0.07 8.77
Mean 0.21 0.23 5.47 5.73 1.17 2.70 1.43 3.33 1.90 0.40 129.10
SD 0.05 2.37 2.12 0.25 1.57 0.53 0.81
Lower, 5
Lower, 7
Lower, 8
Upper, 5
Upper, 1
Upper, 7
Upper, 8
Upper, 2
Upper, 4
Lower, 1
Lower, 2
Lower, 4
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BO
Mean 9.26
SD 13.09
Mean 8.51
SD 12.04
Mean
SD
Mean 16.08
SD 6.61
Mean 17.67
SD 17.10
Mean 14.60
SD 18.42
Lower, 1-2
Upper, 1-2
Upper, 4-5
Upper, 7-8
Lower, 4-5
Lower 7-8
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AAR CAR CA CI NA
Lower, 1-2 1.45 1.20 72.80 1.05 169.85
Lower, 4-5 1.05 0.80 71.95 1.35 142.00
Lower 7-8 0.20 0.00 1.00
Upper, 1-2 1.35 1.10 83.00 1.00 166.55
Upper, 4-5 1.10 0.85 87.85 1.25 155.65
Upper, 7-8 0.35 0.30 46.08 1.40 123.55  
 
 Appendix F (continued): Orectolobus maculatus. 
 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 2.35 1.68 7.52 9.34 9.93 0.00 9.60 1.12 10.68 4.20 9.47 153.80
SD 0.36 0.36 4.16 4.56 4.59 0.00 5.06 0.05 5.30 1.83 3.18 3.16
Mean 1.59 1.42 6.00 8.38 7.70 0.00 7.18 1.27 8.74 3.23 5.13 134.80
SD 0.59 0.43 4.02 4.29 4.09 0.00 4.25 0.19 5.06 1.51 2.81 4.18
Mean 1.07 1.01 5.78 8.08 4.73 0.00 4.85 1.25 6.13 3.17 3.37 119.97
SD 0.08 0.66 3.31 3.12 1.75 0.00 1.88 0.08 2.63 1.30 1.27 5.05
Mean 0.90 0.72 8.83 8.93 6.20 0.00 5.20 1.40 7.10 3.87 3.43 118.73
SD 0.18 0.27 1.21 0.58 2.07 0.00 1.04 0.31 1.06 0.76 0.76 7.54
Mean 0.51 0.44 6.13 6.47 2.65 0.00 3.10 1.50 4.65 3.20 1.55 111.65
SD 0.18 0.06 0.23 0.15 0.35 0.00 0.14 0.18 0.35 0.99 0.07 4.31
Mean 0.40 0.30 5.50 4.90 1.40 0.00 3.40 0.62 2.10 2.50 1.00 117.50
SD 1.13 0.80 0.00
Mean 1.92 1.81 6.98 10.08 11.38 0.00 11.30 1.06 11.84 4.80 8.90 142.50
SD 0.23 0.47 4.31 4.95 4.88 0.00 5.23 0.08 5.48 2.24 3.56 15.37
Mean 1.41 1.19 5.46 8.12 5.72 0.00 5.50 1.23 7.06 3.36 4.58 119.64
SD 0.20 0.41 4.13 4.59 3.22 0.00 3.10 0.23 4.66 1.52 1.87 4.76
Mean 1.12 0.94 4.85 7.80 5.27 0.00 4.73 1.27 6.07 2.87 2.87 112.03
SD 0.42 0.78 3.77 4.78 1.56 0.00 2.76 0.14 3.91 1.62 1.58 4.10
Mean 1.28 0.81 4.85 7.53 3.53 0.00 3.78 1.30 5.00 2.73 3.30 117.33
SD 0.22 0.36 3.91 3.62 2.12 0.00 2.34 0.08 3.32 1.67 1.71 14.81
Mean 0.97 0.95 5.90 7.60 4.47 0.00 4.53 1.26 5.97 3.00 2.87 113.83
SD 0.25 0.51 3.30 0.89 1.21 0.00 1.11 0.44 3.10 0.44 0.57 14.35
Mean 0.96 0.88 4.25 5.28 3.35 0.00 3.73 1.21 4.45 2.47 2.30 126.47
SD 0.09 0.29 1.97 1.33 0.86 0.00 1.26 0.19 1.41 1.50 1.21 13.66
Upper, 7
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Lower, 1
Lower, 2
Lower, 4
Upper, 5
Upper, 8
Upper, 2
Upper, 4
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BO
Mean -67.92
SD 14.62
Mean 2.99
SD 5.97
Mean 5.26
SD 9.12
Mean -70.49
SD 41.78
Mean 0.53
SD 12.18
Mean 5.03
SD 10.07
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.97 1.55 0.00 1.20 144.30
Lower, 4-5 0.99 0.86 0.00 1.32 119.35
Lower 7-8 0.46 0.37 0.00 1.06 114.58
Upper, 1-2 1.66 1.50 0.00 1.15 131.07
Upper, 4-5 1.20 0.87 0.00 1.29 114.68
Upper, 7-8 0.97 0.91 0.00 1.23 120.15  
 
 Appendix F (continued): Chiloscyllium plagiosum 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.14 0.9 1 1 0.9 90.5 1 1 1 0.7 0.8 141.2
SD
Mean 1.25 1.33 0.9 1 1.2 93 1.3 1.08 1.4 0.8 1 162.3
SD
Mean 1.57 1.2 1 1 1.2 1.4 0.93 1.3 0.7 1.1 160
SD
Mean 1.38 1 1.1 1.1 1.1 97.2 1.4 0.86 1.2 0.8 1.1 143.1
SD
Mean 1.33 1 0.9 0.9 0.9 119.3 1.1 0.82 0.9 0.6 0.8 149.2
SD
Mean 1.5 1.11 0.9 0.9 1 96 1.2 0.83 1 0.6 0.9 163.1
SD
Mean 0.71 0.88 0.8 0.9 0.7 0.7 1.14 0.8 0.7 0.5 160
SD
Mean 0.8 0.9
SD
Mean 1.17 0.8 1 1.1 0.8 0.8 1.38 1.1 0.6 0.7 138.9
SD
Mean 1 0.9 1 1 0.9 106.5 1 1.2 1.2 0.8 0.8 125.7
SD
Mean
SD
Mean
SD
Lower, 2
Lower, 4
Upper, 5
Upper, 8
Upper, 2
Upper, 4
Upper, 7
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Lower, 1
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 Appendix F (continued): Chiloscyllium plagiosum 
 
 
BO
Mean 22.22
SD
Mean 9.52
SD
Mean
SD
Mean 10
SD
Mean 19.05
SD
Mean 22.22
SDUpper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
Upper, 4-5
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AAR CAR CI NA
Lower, 1-2 1.20 1.12 1.04 151.75
Lower, 4-5 1.47 1.10 0.89 151.55
Lower 7-8 1.42 1.06 0.83 156.15
Upper, 1-2 0.71 0.88 1.14 160.00
Upper, 4-5 1.08 0.85 1.29 132.30
Upper, 7-8  
 
 Appendix F (continued): Stegostoma fasciatum 
 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.73 1.18 2.45 2.45 2.90 49.35 3.20 0.99 3.15 1.30 2.25 159.45
SD 0.16 0.08 0.07 0.07 0.28 0.64 0.42 0.02 0.35 0.00 0.21 2.33
Mean 2.55 2.60
SD 0.07 0.00
Mean 1.71 1.22 2.30 2.30 2.80 64.95 3.00 1.02 3.05 1.25 2.15 160.75
SD 0.19 0.04 0.28 0.28 0.42 4.45 0.57 0.08 0.35 0.07 0.35 0.49
Mean 1.42 1.21 2.60 2.55 3.15 63.75 3.40 1.00 3.40 1.75 2.40 158.40
SD 0.32 0.03 0.00 0.07 0.07 11.10 0.00 0.00 0.00 0.49 0.14 8.34
Mean 1.25 1.10 2.10 2.15 2.30 53.65 2.40 1.08 2.60 1.50 1.80 153.05
SD 0.35 0.00 0.00 0.07 0.00 10.82 0.00 0.00 0.00 0.42 0.00 0.78
Mean 1.29 1.21 2.15 2.25 2.60 55.10 2.75 1.07 2.95 1.60 2.00 161.20
SD 0.40 0.16 0.07 0.07 0.42 5.66 0.35 0.01 0.35 0.28 0.28 2.55
Mean 1.25 1.00 2.15 2.20 2.10 52.10 2.30 1.00 2.30 1.20 1.50 167.80
SD 0.07 0.00
Mean 1.34 0.93 2.20 2.20 2.05 51.20 2.30 1.00 2.30 1.15 1.55 146.95
SD 0.10 0.03 0.00 0.14 0.07 4.81 0.14 0.06 0.00 0.07 0.21 25.95
Mean 1.21 0.91 2.40 2.45 2.20 57.75 2.50 1.00 2.50 1.30 1.60 159.45
SD 0.30 0.07 0.28 0.21 0.42 18.88 0.28 0.06 0.42 0.14 0.57 17.61
Mean 1.29 1.04 2.25 2.30 2.30 60.60 2.55 1.00 2.55 1.25 1.60 170.45
SD 0.19 0.16 0.35 0.42 0.00 24.89 0.07 0.00 0.07 0.07 0.14 2.05
Mean 1.37 1.17 2.00 2.05 2.35 65.40 2.50 1.00 2.50 1.20 1.65 168.20
SD 0.13 0.16 0.14 0.21 0.49 16.69 0.42 0.00 0.42 0.14 0.35 5.94
Mean 1.55 1.13 2.00 2.10 2.25 52.15 2.45 1.02 2.50 1.10 1.70 155.50
SD 0.26 0.11 0.00 0.00 0.21 0.07 0.35 0.03 0.28 0.00 0.28 7.64
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Stegostoma fasciatum 
 
BO
Mean 15.84
SD 0.22
Mean 14.15
SD 7.72
Mean 4.44
SD 6.29
Mean 9.10
SD 0.29
Mean 16.86
SD 0.75
Mean 14.30
SD 6.08
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.73 1.18 49.35 0.99 159.45
Lower, 4-5 1.57 1.21 64.35 1.01 159.58
Lower 7-8 1.27 1.15 54.38 1.08 157.13
Upper, 1-2 1.30 0.97 51.65 1.00 157.38
Upper, 4-5 1.25 0.97 59.18 1.00 164.95
Upper, 7-8 1.46 1.15 58.78 1.01 161.85  
 
 Appendix F (continued): Ginglymostoma cirratum 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.00 0.53 5.70 6.03 3.00 72.20 4.00 1.08 4.33 2.10 2.10 140.97
SD 0.00 0.05 0.78 0.59 0.36 0.53 0.26 0.10 0.65 0.10 0.10 8.41
Mean 0.89 0.53 6.05 6.08 3.17 83.60 4.17 1.06 4.40 2.40 2.10 144.27
SD 0.15 0.02 0.40 0.40 0.31 12.73 0.35 0.05 0.35 0.36 0.10 6.79
Mean 0.85 0.52 5.93 6.18 3.05 82.88 4.05 1.12 4.50 2.63 2.15 140.70
SD 0.17 0.05 1.02 1.04 0.54 19.90 0.71 0.07 0.64 0.68 0.31 9.41
Mean 0.88 0.49 5.28 5.53 2.63 75.77 3.55 1.12 4.00 2.20 1.93 138.95
SD 0.16 0.07 0.92 0.91 0.69 6.13 0.70 0.09 0.93 0.59 0.49 9.31
Mean 0.96 0.52 5.33 5.53 2.78 73.20 3.53 1.19 4.18 2.03 1.88 137.15
SD 0.19 0.02 0.25 0.38 0.13 3.26 0.30 0.11 0.21 0.53 0.15 5.25
Mean 1.08 0.49 5.35 5.48 2.60 68.18 3.30 1.28 4.20 1.65 1.78 131.78
SD 0.08 0.02 0.65 0.69 0.35 3.29 0.48 0.14 0.39 0.17 0.13 2.40
Mean 0.87 0.49 4.78 5.14 2.32 69.47 3.42 0.92 3.14 2.00 1.74 144.30
SD 0.15 0.11 0.38 0.54 0.45 15.41 0.40 0.08 0.34 0.20 0.33 6.11
Mean 0.79 0.48 5.14 5.52 2.48 92.32 3.54 1.05 3.70 2.42 1.86 135.62
SD 0.16 0.08 0.28 0.22 0.37 16.17 0.40 0.13 0.27 0.58 0.21 14.45
Mean 0.90 0.47 5.28 5.62 2.42 73.62 3.42 1.13 3.86 2.00 1.80 133.56
SD 0.12 0.09 0.98 1.02 0.31 12.81 0.44 0.18 0.70 0.22 0.32 12.60
Mean 0.92 0.45 5.80 6.04 2.60 77.14 3.60 1.19 4.22 2.10 1.94 128.66
SD 0.09 0.07 0.25 0.34 0.42 10.57 0.47 0.14 0.19 0.12 0.26 8.89
Mean 0.82 0.41 5.42 5.84 2.24 68.82 2.94 1.46 4.24 2.36 1.74 132.46
SD 0.26 0.04 0.36 0.45 0.29 36.98 0.38 0.21 0.42 1.04 0.28 11.42
Mean 0.76 0.43 5.44 5.60 2.30 74.35 3.00 1.40 4.13 2.28 1.63 126.25
SD 0.19 0.06 0.74 0.96 0.48 9.66 0.62 0.23 0.65 1.03 0.46 10.88
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Ginglymostoma cirratum 
 
 
BO
Lower, 1-2 Mean 31.68
SD 12.80
Lower, 4-5 Mean 15.66
SD 12.71
Lower 7-8 Mean 15.66
SD 8.36
Upper, 1-2 Mean 19.14
SD 4.03
Upper, 4-5 Mean 20.05
SD 6.43
Upper, 7-8 Mean 13.95
SD 4.54  
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AAR CAR CA CI NA
Lower, 1-2 0.95 0.53 77.90 1.07 142.62
Lower, 4-5 0.86 0.50 79.32 1.12 139.83
Lower 7-8 1.02 0.50 70.69 1.24 134.46
Upper, 1-2 0.83 0.49 80.89 0.99 139.96
Upper, 4-5 0.91 0.46 75.38 1.16 131.11
Upper, 7-8 0.79 0.42 71.59 1.43 129.36  
 
 Appendix F (continued): Mitsukurina owstoni 
 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 5.09 3.51 6.8 9.9 23.9 0 24.1 1 24.2 3.5 17.8 157.7
SD
Mean 5.69 2.72 8.7 12.7 23.7 0 23.9 1.05 25.1 3.9 22.2 152.5
SD
Mean 3.94 8.1 17.2 0 3.2 12.6 148
SD
Mean 3.88 1.99 8.4 15.7 16.7 0 15 0.97 14.5 3.3 12.8 165.6
SD
Mean 6.8 14.3 0 143.4
SD
Mean 3.21 1.89 7.4 14.5 13.2 0 13 1.06 13.8 3.3 10.6 137.6
SD
Mean 5.18 2.84 7.4 11.5 21 0 0.97 20.9 3.4 17.6 147.7
SD
Mean 4.12 2.23 8.8 11.8 19.6 0 21.6 1.08 20 3.9 18.4 135.3
SD
Mean 3.44 1.68 7.9 16.2 13.3 0 18.6 1.15 16.4 3.2 11 131.2
SD
Mean 7.5 15.9 0 14.2 137.7
SD
Mean 2.79 1.77 7.8 13.4 13.8 0 14.1 1.11 15.7 4.2 11.7 134.4
SD
Mean 1.53 9 15.9 13.8 0 13.9 1 13.9
SD
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Mitsukurina owstoni 
 
 
BO
Mean 0
SD
Mean -25.55
SD
Mean -17.75
SD
Mean 0
SD
Mean -19.45
SD
Mean -18.06
SD
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 5.39 3.12 0.00 1.03 155.10
Lower, 4-5 3.91 1.99 0.00 0.97 156.80
Lower 7-8 3.21 1.78 0.00 1.06 140.50
Upper, 1-2 4.95 2.53 0.00 1.02 141.50
Upper, 4-5 3.44 1.68 0.00 1.15 134.45
Upper, 7-8 2.79 1.65 0.00 1.06 134.40  
 
 Appendix F (continued): Alopias superciliosus 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.60 1.34 5.20 9.05 8.60 0.00 8.40 1.13 9.35 4.50 6.95 140.35
SD 0.27 0.21 1.83 1.84 0.14 0.00 1.13 0.21 0.49 1.70 1.48 6.86
Mean 1.68 1.19 7.30 10.23 9.33 0.00 8.80 1.18 10.17 4.40 7.30 148.60
SD 0.22 0.16 2.30 1.61 1.71 0.00 1.82 0.21 0.15 0.75 0.70 15.21
Mean 1.24 1.06 7.40 10.43 7.77 0.00 7.50 1.35 9.73 4.37 5.03 125.77
SD 0.53 0.07 1.95 1.93 1.52 0.00 2.33 0.26 1.42 1.12 1.10 11.58
Mean 1.03 0.97 6.98 10.38 5.95 0.00 5.20 1.45 7.65 4.25 4.45 127.85
SD 0.05 0.02 2.24 2.30 1.06 0.00 1.27 0.18 2.76 2.33 2.62 11.81
Mean 2.00 0.86 6.97 9.80 6.20 0.00 4.70 1.36 6.40 2.20 4.40 123.00
SD 0.25 2.33 0.00
Mean 0.92 0.80 5.43 8.97 4.35 0.00 3.80 1.72 6.35 4.05 3.55 128.35
SD 0.36 0.10 0.15 2.03 0.35 0.00 0.57 0.68 1.63 1.06 0.49 3.75
Mean 1.99 1.65 6.80 10.30 10.10 0.00 6.90 1.84 10.37 4.00 8.07 143.80
SD 0.30 0.15 2.26 3.29 3.00 0.00 2.80 1.41 3.45 0.61 2.29 15.00
Mean 1.81 1.44 7.23 11.88 9.85 0.00 9.38 1.20 11.43 4.25 7.35 142.20
SD 0.50 0.38 2.73 2.83 2.46 0.00 1.81 0.18 3.49 1.25 1.32 10.42
Mean 1.38 1.11 7.83 11.93 8.63 0.00 7.98 1.41 11.28 4.68 6.35 123.58
SD 0.33 0.11 2.43 2.13 2.54 0.00 1.80 0.08 2.89 1.17 1.55 9.72
Mean 1.24 1.19 6.80 11.73 8.30 0.00 8.13 1.39 11.33 5.63 6.83 120.27
SD 0.25 0.12 1.08 1.64 0.70 0.00 0.81 0.03 1.10 1.24 1.45 10.99
Mean 1.02 0.85 6.38 10.75 5.43 0.00 5.18 1.60 8.25 4.48 4.53 337.03
SD 0.37 0.18 0.55 1.70 1.10 0.00 1.33 0.10 2.00 0.97 1.84 433.60
Mean 0.84 0.86 5.65 9.85 5.17 0.00 5.17 1.63 8.37 4.27 3.53 107.13
SD 0.19 0.31 1.24 2.25 1.27 0.00 1.27 0.19 1.82 1.10 0.96 14.98
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Alopias superciliosus 
 
BO
Mean -23.85
SD 3.11
Mean -27.09
SD 9.72
Mean -15.38
SD 3.67
Mean -13.43
SD 10.86
Mean -23.20
SD 4.60
Mean -10.46
SD 8.08
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.64 1.27 0.00 1.16 144.48
Lower, 4-5 1.14 1.02 0.00 1.40 126.81
Lower 7-8 1.46 0.83 0.00 1.54 125.68
Upper, 1-2 1.90 1.54 0.00 1.52 143.00
Upper, 4-5 1.31 1.15 0.00 1.40 121.92
Upper, 7-8 0.93 0.86 0.00 1.61 222.08  
 
 Appendix F (continued): Carcharias taurus 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 3.11 3.09 8.10 15.48 23.73 136.85 23.65 1.01 23.95 6.57 20.50 162.33
SD 0.39 0.65 3.09 2.92 4.92 7.28 4.58 0.05 5.30 2.00 7.64 0.40
Mean 2.74 2.39 9.25 16.18 22.57 97.83 22.83 1.03 23.60 6.87 18.40 146.47
SD 0.25 0.46 3.38 1.46 4.13 59.63 4.46 0.03 5.35 2.31 4.56 5.51
Mean 2.77 2.70 7.30 15.07 14.00 68.40 13.65 1.06 14.35 4.25 11.85 146.30
SD 0.08 0.67 3.66 2.17 4.10 55.86 4.74 0.05 4.31 1.48 4.45 11.17
Mean 2.31 1.93 6.83 13.53 10.20 76.85 8.90 1.09 9.65 3.45 7.95 141.00
SD 0.27 0.05 2.73 0.92 0.00 44.34 1.13 0.03 0.92 0.07 0.78 7.64
Mean 1.78 1.95 4.47 8.70 8.60 7.50 1.15 8.60 3.20 5.70 131.20
SD 1.30 0.70
Mean 1.51 1.13 4.85 7.50 5.40 93.05 5.20 1.09 5.67 2.47 3.57 139.37
SD 0.40 0.35 1.91 0.77 0.61 60.17 0.85 0.19 1.44 0.57 0.23 13.19
Mean 3.37 3.02 6.28 11.18 18.23 114.60 19.18 0.92 17.75 4.38 14.80 169.73
SD 0.37 0.67 2.09 0.70 4.33 43.78 4.10 0.06 4.64 1.64 6.29 7.82
Mean 3.12 2.67 8.70 15.08 19.33 68.53 18.63 1.04 19.37 5.07 16.00 145.03
SD 0.62 0.25 3.28 1.69 5.47 48.54 5.14 0.01 5.28 0.65 5.06 2.15
Mean 2.62 2.27 7.85 16.78 15.67 76.95 14.83 1.06 15.67 4.60 12.00 145.25
SD 0.33 0.69 3.19 1.64 2.41 53.53 2.15 0.01 2.04 0.42 0.42 1.34
Mean 2.27 1.96 7.48 15.45 12.90 115.80 12.75 1.10 13.90 4.35 9.95 130.20
SD 0.15 0.08 4.18 1.94 4.81 6.65 5.02 0.03 5.09 1.06 3.04 5.52
Mean 1.99 1.61 8.98 15.88 11.87 113.20 11.53 1.21 13.80 5.07 10.00 125.20
SD 0.32 0.22 3.65 1.75 3.94 6.93 3.44 0.13 3.54 1.45 3.12 3.40
Mean 1.79 1.68 7.70 14.20 10.30 72.80 9.57 1.22 11.37 5.00 8.80 133.40
SD 0.22 0.20 3.38 1.71 2.95 49.36 3.07 0.14 2.38 1.56 1.70 2.12
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Carcharias taurus 
 
BO
Mean 1.46
SD 9.03
Mean -31.43
SD 13.38
Mean -16.50
SD 14.53
Mean -5.19
SD 10.37
Mean
SD
Mean -17.73
SD 5.11
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 2.92 2.74 117.34 1.02 154.40
Lower, 4-5 2.54 2.31 72.63 1.07 143.65
Lower 7-8 1.64 1.54 93.05 1.12 135.28
Upper, 1-2 3.24 2.85 91.57 0.98 157.38
Upper, 4-5 2.45 2.11 96.38 1.08 137.73
Upper, 7-8 1.89 1.65 93.00 1.21 129.30  
 
 Appendix F (continued): Pseudocarcharias kamoharai 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 4.34 4.18 3.55 5.35 12.80 0.00 12.07 1.07 12.90 2.20 9.50 166.00
SD 0.52 1.96 1.24 0.50 1.68 0.00 1.40 0.02 1.45 0.17 0.52 4.81
Mean 3.01 2.74 4.25 7.15 10.83 0.00 10.43 1.21 12.63 2.80 7.87 148.97
SD 0.88 1.17 1.35 0.61 0.76 0.00 0.29 0.11 1.23 0.95 0.06 2.49
Mean 2.10 2.30 2.70 5.93 5.00 0.00 4.70 1.05 5.00 2.00 4.20 113.70
SD 0.70 0.97 0.51 0.82 0.00 0.44 0.23 1.45
Mean 1.94 1.21 2.98 5.33 4.27 0.00 4.13 1.32 5.43 1.70 3.27 111.80
SD 0.23 0.12 1.12 0.40 0.38 0.00 0.45 0.17 0.57 0.20 0.15 6.68
Mean 1.26 0.76 3.55 4.00 2.70 0.00 2.25 1.57 3.45 2.80 3.30 99.45
SD 0.26 0.09 0.21 0.14 0.14 0.00 0.49 0.38 0.07 1.70 1.41 2.05
Mean 1.80 2.60 0.00
SD
Mean 3.39 2.86 3.18 5.62 8.43 0.00 8.73 0.97 8.33 1.90 6.45 138.80
SD 0.19 0.88 0.88 0.13 0.43 0.00 1.34 0.15 0.17 0.00 0.35 2.83
Mean 2.70 2.15 3.90 6.68 8.20 0.00 8.05 1.19 9.55 2.43 6.53 138.90
SD 0.28 0.46 1.18 0.73 0.78 0.00 0.87 0.01 0.99 0.13 0.48 5.50
Mean 1.52 1.36 3.84 6.96 4.68 0.00 4.40 1.50 6.60 2.30 3.45 100.45
SD 0.27 0.54 1.09 0.89 0.65 0.00 0.14 0.17 0.74 0.28 0.30 7.19
Mean 1.32 1.09 4.40 7.23 5.35 0.00 4.60 1.65 7.35 2.80 3.70 100.75
SD 0.07 0.20 0.96 0.15 0.78 0.00 1.13 0.42 0.07 0.14 0.00 13.51
Mean 0.82 0.88 3.63 6.37 3.17 0.00 2.47 1.97 4.83 2.87 2.27 83.80
SD 0.16 0.16 0.35 1.59 0.31 0.00 0.15 0.29 0.46 0.78 0.31 9.01
Mean 0.71 0.51 4.10 5.17 2.07 0.00 2.17 2.45 5.00 2.40 1.63 79.90
SD 0.15 0.11 0.89 1.59 0.55 0.00 0.83 0.94 1.47 0.98 0.49 5.82
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Pseudocarcharias kamoharai 
 
BO
Mean -14.56
SD 14.21
Mean -18.92
SD 17.51
Mean 0.00
SD 0.00
Mean -9.49
SD 21.94
Mean -17.53
SD 12.04
Mean -15.54
SD 16.10
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 3.68 3.46 0.00 1.14 157.48
Lower, 4-5 2.02 1.75 0.00 1.19 112.75
Lower 7-8 3.21 0.76 0.00 1.57 99.45
Upper, 1-2 3.05 2.50 0.00 1.08 138.85
Upper, 4-5 1.42 1.22 0.00 1.58 100.60
Upper, 7-8 0.76 0.70 0.00 2.21 81.85  
 
 Appendix F (continued): Isurus oxyrinchus 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 2.97 2.52 7.36 10.96 18.52 0.00 18.34 1.04 19.08 4.24 12.30 158.20
SD 0.29 0.27 1.30 2.15 3.55 0.00 3.27 0.04 2.89 1.35 2.49 17.63
Mean 2.48 1.82 11.36 13.70 19.66 0.00 18.48 1.12 20.82 6.28 14.68 154.02
SD 0.40 0.51 3.30 3.31 4.39 0.00 1.85 0.27 5.80 2.91 3.84 13.56
Mean 1.29 0.98 10.74 13.76 11.13 0.00 11.20 1.17 12.87 7.03 8.90 144.60
SD 0.09 0.11 1.45 1.66 2.35 0.00 2.65 0.14 1.97 2.82 2.93 7.83
Mean 1.37 0.97 10.48 13.04 10.03 0.00 10.18 1.15 11.73 5.30 7.18 136.28
SD 0.12 0.07 1.64 1.49 2.16 0.00 2.05 0.05 2.41 1.34 1.54 14.40
Mean 1.08 0.92 8.40 9.52 8.30 0.00 8.97 1.05 9.47 5.40 5.67 138.40
SD 0.33 0.05 1.50 1.48 0.96 0.00 1.01 0.08 1.50 1.18 1.60 2.18
Mean 1.23 1.00 6.76 7.76 6.74 0.00 6.78 1.10 7.46 3.30 4.02 136.30
SD 0.08 0.08 1.58 1.49 1.58 0.00 1.29 0.12 1.62 0.94 0.97 7.04
Mean 2.43 1.76 10.18 13.74 18.04 0.00 17.74 1.17 20.64 5.60 13.62 143.02
SD 0.23 0.12 1.33 1.63 3.45 0.00 3.71 0.07 4.25 0.68 2.39 6.69
Mean 1.71 1.46 11.32 15.72 16.50 0.00 16.32 1.31 21.32 7.68 12.76 139.24
SD 0.22 0.06 2.00 2.30 3.16 0.00 3.35 0.06 3.86 2.50 2.37 6.84
Mean 1.06 1.06 9.54 15.14 9.60 0.00 9.27 1.53 14.17 7.00 7.33 131.23
SD 0.07 0.11 2.09 2.48 1.71 0.00 2.42 0.08 3.93 1.59 1.14 5.27
Mean 1.20 1.05 10.78 14.66 12.53 0.00 11.30 1.47 16.70 7.77 9.29 134.83
SD 0.04 0.12 1.66 2.06 2.46 0.00 1.84 0.11 3.48 1.81 1.83 8.48
Mean 1.23 1.02 10.08 12.58 10.43 0.00 9.83 1.28 12.53 5.70 6.88 140.10
SD 0.15 0.08 1.88 2.41 1.82 0.00 1.93 0.04 2.47 1.40 1.08 3.68
Mean 1.05 0.90 8.50 10.78 7.13 0.00 7.13 1.26 8.98 4.18 4.33 130.53
SD 0.12 0.09 1.50 1.86 0.30 0.00 0.19 0.04 0.38 1.07 0.98 1.39
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Isurus oxyrinchus 
 
BO
Mean -2.54
SD 5.67
Mean -30.74
SD 12.94
Mean -8.30
SD 11.38
Mean -2.40
SD 5.37
Mean -31.40
SD 12.34
Mean -10.45
SD 6.42
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 2.73 2.17 0.00 1.08 156.11
Lower, 4-5 1.33 0.98 0.00 1.16 140.44
Lower 7-8 1.15 0.96 0.00 1.08 137.35
Upper, 1-2 2.07 1.61 0.00 1.24 141.13
Upper, 4-5 1.13 1.05 0.00 1.50 133.03
Upper, 7-8 1.14 0.96 0.00 1.27 135.31  
 
 Appendix F (continued): Carcharodon carcharias 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.99 1.60 12.66 18.78 20.05 0.00 20.95 0.97 20.38 7.43 14.55 162.10
SD 0.18 0.07 1.74 3.37 2.53 0.00 2.57 0.06 2.68 1.64 2.21 4.94
Mean 1.48 1.39 14.98 20.50 22.95 0.00 23.30 1.02 23.70 10.40 15.35 159.75
SD 0.01 0.21 4.27 3.20 5.44 0.00 5.80 0.03 5.23 2.69 3.89 3.18
Mean 1.39 1.12 13.54 18.32 14.50 0.00 16.33 1.00 16.18 7.18 10.18 160.08
SD 0.59 0.19 3.90 3.94 2.14 0.00 3.63 0.07 2.45 2.06 5.54 9.78
Mean 1.48 1.15 13.26 17.54 14.92 0.00 15.92 1.00 15.92 7.22 10.34 159.18
SD 0.19 0.14 3.28 2.67 1.60 0.00 2.34 0.04 1.82 2.18 1.69 2.62
Mean 1.29 1.13 10.12 12.48 9.70 0.00 9.27 1.20 11.10 4.70 6.07 150.63
SD 0.10 0.15 2.53 2.03 0.40 0.00 0.96 0.05 0.89 1.30 1.65 7.25
Mean 1.34 0.93 8.98 9.82 6.90 0.00 7.47 1.05 7.83 4.10 5.17 157.47
SD 0.24 0.22 2.58 2.49 0.36 0.00 0.06 0.09 0.68 2.00 1.44 23.67
Mean 1.42 1.36 16.43 19.10 22.20 0.00 22.70 1.03 23.33 14.10 19.90 169.53
SD 0.07 0.07 3.33 2.86 3.43 0.00 3.37 0.04 3.02 3.01 3.47 8.69
Mean 1.24 1.18 19.56 21.66 24.90 0.00 26.40 1.05 27.70 12.80 18.35 176.40
SD 0.08 0.19 5.49 4.79 5.03 0.00 6.35 0.03 5.95 3.90 1.20 5.09
Mean 1.07 1.02 19.32 24.56 19.40 0.00 18.95 1.23 23.50 13.28 14.10 154.95
SD 0.13 0.12 4.84 5.24 3.50 0.00 3.51 0.08 5.81 3.41 3.17 6.08
Mean 1.03 1.00 20.60 23.22 20.40 0.00 21.16 1.15 24.10 13.90 14.24 160.40
SD 0.13 0.07 5.58 4.58 4.39 0.00 4.41 0.07 4.03 3.36 3.38 2.43
Mean 1.08 0.94 16.98 19.28 15.86 0.00 16.92 1.12 18.26 10.70 11.40 154.10
SD 0.08 0.06 4.53 3.96 3.64 0.00 5.10 0.23 4.23 3.66 3.09 3.97
Mean 1.04 0.87 13.94 15.40 11.75 0.00 11.53 1.25 14.35 7.65 7.85 142.85
SD 0.13 0.06 3.24 3.93 2.46 0.00 2.60 0.06 3.18 2.14 1.64 4.57
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Carcharodon carcharias 
 
BO
Mean -21.62
SD 5.81
Mean -30.88
SD 10.88
Mean -15.94
SD 5.50
Mean -4.17
SD 8.33
Mean -5.96
SD 5.46
Mean -11.72
SD 3.98
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.73 1.50 0.00 1.00 160.93
Lower, 4-5 1.43 1.14 0.00 1.00 159.63
Lower 7-8 1.31 1.03 0.00 1.12 154.05
Upper, 1-2 1.33 1.27 0.00 1.04 172.96
Upper, 4-5 1.05 1.01 0.00 1.19 157.68
Upper, 7-8 1.06 0.90 0.00 1.18 148.48  
 
 Appendix F (continued): Lamna nasus 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.56 1.60 6.67 9.83 9.75 95.90 10.25 0.97 9.85 4.80 7.40 150.95
SD 0.53 0.43 2.60 3.15 3.04 32.10 4.17 0.06 3.46 0.28 2.12 1.34
Mean 2.11 2.15 6.77 10.63 7.30 7.70 1.04 8.00 1.80 3.80 142.60
SD 3.62 3.23
Mean 1.49 1.27 6.17 9.53 7.20 97.95 8.25 1.02 7.95 4.30 6.35 139.10
SD 0.06 0.32 3.51 3.58 4.24 29.63 4.88 0.20 3.32 1.84 2.47 8.34
Mean 1.63 1.52 6.60 9.70 7.25 76.40 8.20 0.93 7.75 4.30 7.00 132.00
SD 0.92 6.08 4.11 3.18 1.84 0.16 3.04
Mean 1.64 1.18 7.00 10.30 7.05 82.35 7.15 1.07 7.60 3.95 6.40 135.25
SD 0.35 0.59 3.96 0.57 0.49 7.71 1.34 0.10 0.71 0.49 0.57 6.43
Mean 1.22 1.39 6.30 9.60 7.15 74.05 6.65 1.03 6.90 4.20 5.20 140.05
SD 0.35 0.73 4.38 2.12 1.48 3.46 1.77 0.02 1.98 0.42 1.98 14.21
Mean 1.94 2.03 4.93 9.77 8.75 129.60 9.30 1.01 9.40 4.15 8.15 142.50
SD 0.14 0.32 1.95 3.29 3.75 2.97 0.00 2.97 1.20 2.90 5.80
Mean 1.62 1.62 5.43 10.33 6.00 118.70 6.40 1.11 7.10 3.70 6.00 180.00
SD 1.75 2.98
Mean 1.55 1.32 4.53 10.47 6.10 37.40 6.20 1.08 6.85 3.80 5.90 114.00
SD 0.42 0.76 3.99 3.25 2.26 0.12 3.18
Mean 1.28 1.20 5.47 10.53 4.80 4.40 1.30 5.70 2.50 3.20 149.80
SD 1.31 3.89
Mean 1.42 1.29 5.47 8.43 6.65 85.30 6.10 1.11 6.90 3.30 4.80 142.60
SD 0.22 0.16 1.36 3.76 2.90 17.25 2.83 0.09 3.68 0.99 2.12 4.53
Mean 1.74 1.21 6.20 11.05 7.45 61.80 7.05 1.15 8.10 3.20 5.55 132.05
SD 0.11 0.08 0.57 1.34 0.21 0.49 0.04 0.85 0.57 0.64 4.88
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Lamna nasus 
 
BO
Mean -21.70
SD 32.98
Mean -20.02
SD 38.25
Mean 5.65
SD 20.56
Mean -13.29
SD 33.09
Mean -18.39
SD 29.54
Mean -4.19
SD 5.92
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.83 1.87 95.90 1.01 146.78
Lower, 4-5 1.56 1.40 87.18 0.98 135.55
Lower 7-8 1.43 1.28 78.20 1.05 137.65
Upper, 1-2 1.78 1.83 124.15 1.06 161.25
Upper, 4-5 1.42 1.26 37.40 1.19 131.90
Upper, 7-8 1.58 1.25 73.55 1.13 137.33  
 
 Appendix F (continued): Scyliorhinus retifer 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.37 1.07 0.85 0.95 0.90 70.00 1.00 1.05 1.05 0.55 0.75 133.75
SD 0.05 0.10 0.21 0.21 0.14 0.14 0.06 0.21 0.07 0.07 3.18
Mean 1.70 1.04 1.03 1.17 1.07 57.20 1.23 1.02 1.23 0.57 0.93 142.87
SD 0.78 0.31 0.06 0.21 0.29 0.32 0.16 0.25 0.06 0.32 4.06
Mean 1.33 0.85 1.00 1.18 0.83 79.63 1.03 1.12 1.15 0.55 0.73 150.48
SD 0.20 0.25 0.22 0.21 0.22 12.46 0.17 0.05 0.17 0.13 0.15 7.89
Mean 1.57 0.94 1.03 1.13 0.97 57.15 1.10 1.08 1.20 0.57 0.83 134.83
SD 0.59 0.21 0.15 0.23 0.25 24.11 0.20 0.08 0.30 0.21 0.21 9.73
Mean
SD
Mean
SD
Mean 1.43 1.00 1.05 1.13 1.08 67.63 1.18 1.00 1.20 0.60 0.88 146.55
SD 0.20 0.18 0.19 0.17 0.36 26.12 0.36 0.11 0.42 0.18 0.33 13.42
Mean 1.47 1.10 0.87 1.02 0.97 83.80 1.00 1.07 1.07 0.53 0.80 127.97
SD 0.32 0.17 0.15 0.13 0.31 0.99 0.30 0.07 0.31 0.12 0.30 14.07
Mean 1.24 0.90 1.10 1.27 0.97 59.05 1.00 1.37 1.30 0.67 0.83 112.17
SD 0.10 0.27 0.30 0.42 0.31 11.10 0.36 0.34 0.26 0.25 0.35 15.24
Mean 1.50 0.89 0.90 1.40 0.80 0.80 1.38 1.10 0.40 0.60 133.30
SD
Mean 1.58 0.73 0.85 0.90 0.60 66.80 0.80 1.22 0.95 0.45 0.70 134.45
SD 0.12 0.18 0.21 0.00 0.28 0.16 0.21 0.21 0.28 16.76
Mean 1.40 0.62 1.30 1.50 0.80 69.50 0.80 1.50 1.20 0.50 0.70 103.80
SD
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Scyliorhinus retifer 
 
BO
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.53 1.06 63.60 1.03 138.31
Lower, 4-5 1.45 0.89 68.39 1.10 142.65
Lower 7-8
Upper, 1-2 1.45 1.05 75.72 1.04 137.26
Upper, 4-5 1.37 0.89 59.05 1.37 122.73
Upper, 7-8 1.49 0.67 68.15 1.36 119.13  
 
 Appendix F (continued): Galeus arae 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.50 1.25 0.40 0.50 0.50 42.30 0.50 1.00 0.50 0.20 0.30 160.00
SD
Mean 2.50 2.00 0.30 0.40 0.60 75.30 0.60 1.00 0.60 0.20 0.50 177.90
SD
Mean 2.00 1.67 0.30 0.40 0.50 107.40 0.60 1.00 0.60 0.20 0.40 158.10
SD
Mean 2.00 1.25 0.40 0.50 0.50 58.30 0.50 1.20 0.60 0.20 0.40 67.10
SD
Mean
SD 138.10
Mean 2.00 1.25 0.40 0.40 0.50 64.00 0.50 1.00 0.50 0.20 0.40
SD 150.20
Mean 1.50 1.00 0.50 0.50 0.50 69.30 0.50 1.00 0.50 0.20 0.30
SD 143.10
Mean 1.67 1.20 0.50 0.60 0.60 60.40 0.60 1.00 0.60 0.30 0.50
SD
Mean 1.33 1.20 0.50 0.70 0.60 57.90 0.70 0.86 0.60 0.30 0.40 164.80
SD
Mean
SD
Mean
SD
Mean
SD
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Galeus arae 
 
BO
Mean
SD
Mean -22.22
SD
Mean -50.00
SD
Mean -18.18
SD
Mean
SD
Mean
SD
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 2.00 1.63 58.80 1.00 168.95
Lower, 4-5 2.00 1.46 82.85 1.10 112.60
Lower 7-8 2.00 1.25 64.00 1.00 138.10
Upper, 1-2 1.58 1.10 64.85 1.00 146.65
Upper, 4-5 1.33 1.20 57.90 0.86 164.80
Upper, 7-8  
 
 Appendix F (continued): Paramaturus xaniurus 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean 1.00 0.63 0.80 0.90 0.50 64.00 0.60 1.17 0.70 0.50 0.50 135.90
SD
Mean 1.00 0.71 0.70 1.00 0.50 67.30 0.60 1.00 0.60 0.40 0.40 142.90
SD
Mean 1.00 0.71 0.70 0.80 0.50 63.60 0.60 1.00 0.60 0.40 0.40 136.70
SD
Mean
SD
Mean
SD
Mean
SD
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Paramaturus xaniurus 
 
BO
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2 1.00 0.63 65.65 1.08 139.40
Upper, 4-5 1.00 0.71 63.60 1.00 136.70
Upper, 7-8  
 
 Appendix F (continued): Pseudotriakis microdon 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.13 1.13 0.80 0.90 0.90 0.00 1.00 1.00 1.00 0.80 0.90 180.00
SD
Mean 1.33 1.33 0.60 0.60 0.80 0.00 0.90 1.00 0.90 0.60 0.80 180.00
SD
Mean 1.50 1.50 0.80 0.80 1.20 0.00 1.30 1.00 1.30 0.80 1.20 180.00
SD
Mean 1.86 1.86 0.70 0.80 1.30 0.00 1.30 1.08 1.40 0.70 1.30 180.00
SD
Mean 1.00 1.00 1.00 1.20 1.00 0.00 1.10 1.09 1.20 1.00 1.00 180.00
SD
Mean
SD
Mean 1.50 1.22 0.90 0.90 1.10 93.60 1.30 0.92 1.20 0.60 0.90 160.80
SD
Mean 1.00 1.00
SD
Mean 1.71 1.50 1.00 1.30 1.50 0.00 1.70 0.88 1.50 0.70 1.20 166.20
SD
Mean 1.67 1.50 0.80 1.00 1.20 0.00 1.30 0.92 1.20 0.60 1.00 173.00
SD
Mean 1.50 1.22 0.90 1.10 1.10 0.00 1.30 0.92 1.20 0.60 0.90 170.50
SD
Mean 1.20 1.30
SD
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Pseudotriakis microdon 
 
BO
Mean -10.53
SD
Mean 0.00
SD
Mean 0.00
SD
Mean -13.33
SD
Mean 0.00
SD
Mean 0.00
SD
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.23 1.23 0.00 1.00 180.00
Lower, 4-5 1.68 1.68 0.00 1.04 180.00
Lower 7-8 1.00 1.00 0.00 1.09 180.00
Upper, 1-2 1.50 1.00 46.80 0.92 160.80
Upper, 4-5 1.69 1.50 0.00 0.90 169.60
Upper, 7-8 1.50 1.22 0.00 0.92 170.50
 
 Appendix F (continued): Triakis semifasciata 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.00 0.86 2.90 3.20 2.50 91.30 2.60 1.23 3.20 2.10 2.10 126.80
SD
Mean 1.28 0.79 3.40 3.70 2.70 101.70 3.00 1.17 3.50 1.80 2.30 116.30
SD
Mean 1.20 0.69 3.50 3.80 2.40 2.40 1.63 3.90 1.50 1.80 119.40
SD
Mean 1.31 0.77 3.10 3.80 2.40 2.40 1.50 3.60 1.30 1.70 138.00
SD
Mean 0.93 0.58 3.80 4.40 2.20 2.10 1.90 4.00 1.50 1.40 120.90
SD
Mean 1.20 0.55 3.80 4.00 2.10 58.80 2.20 1.77 3.90 1.00 1.20 104.70
SD
Mean 1.30 0.95 2.00 2.00 1.90 111.00 2.20 0.95 2.10 1.00 1.30 150.10
SD
Mean 1.44 0.95 2.00 2.40 1.90 2.20 0.91 2.00 0.90 1.30 159.00
SD
Mean 1.62 1.25 2.00 2.20 2.50 70.60 2.60 1.04 2.70 1.30 2.10 158.70
SD
Mean 1.43 0.92 2.50 2.50 2.30 2.80 0.93 2.60 1.40 2.00 137.40
SD
Mean 1.20 0.85 2.60 2.80 2.20 2.40 1.13 2.70 1.50 1.80 138.70
SD
Mean 1.00 0.73 3.00 3.10 2.20 92.70 2.30 1.35 3.10 1.70 1.70 116.20
SD
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Triakis semifasciata 
 
BO
Mean 23.19
SD
Mean 18.42
SD
Mean 19.05
SD
Mean 31.82
SD
Mean 17.02
SD
Mean 23.73
SD
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.14 0.83 96.50 1.20 121.55
Lower, 4-5 1.25 0.73 1.56 128.70
Lower 7-8 1.07 0.57 58.80 1.84 112.80
Upper, 1-2 1.37 0.95 111.00 0.93 154.55
Upper, 4-5 1.52 1.09 70.60 0.98 148.05
Upper, 7-8 1.10 0.79 92.70 1.24 127.45  
 
 Appendix F (continued): Carcharhinus leucas 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.69 1.10 10.14 11.42 11.04 0.00 11.28 1.08 12.30 5.34 9.04 135.46
SD 0.22 0.08 2.37 2.22 1.92 0.00 2.25 0.07 3.01 0.90 1.93 6.95
Mean 1.40 1.08 12.66 14.58 13.90 0.00 15.20 1.08 16.43 8.43 11.03 144.93
SD 0.33 0.02 1.96 2.21 2.93 0.00 2.72 0.10 3.04 3.52 1.47 2.90
Mean 1.47 0.95 15.44 16.62 15.00 0.00 16.15 1.08 17.33 7.45 10.80 138.65
SD 0.17 0.08 2.93 2.91 1.78 0.00 2.86 0.10 1.59 1.58 1.03 9.97
Mean 1.36 0.91 15.48 16.86 13.97 0.00 14.93 1.13 16.90 8.00 10.80 137.70
SD 0.16 0.10 3.50 3.29 2.29 0.00 3.01 0.02 3.58 1.35 1.13 4.97
Mean 1.34 0.80 15.58 16.90 12.44 0.00 14.04 1.10 15.38 6.76 8.92 134.14
SD 0.16 0.07 1.87 1.97 1.21 0.00 1.72 0.03 1.60 1.34 0.92 7.75
Mean 1.18 0.71 14.92 16.30 11.60 0.00 13.55 1.15 15.75 6.65 7.80 135.15
SD 0.17 0.01 2.36 2.22 2.12 0.00 2.05 0.12 4.03 0.21 0.85 0.64
Mean 1.15 1.06 12.84 13.48 13.85 0.00 14.85 1.06 15.63 8.65 9.95 162.65
SD 0.06 0.16 2.38 2.27 1.64 0.00 2.42 0.11 1.83 1.64 2.01 5.31
Mean 1.05 1.03 16.00 17.74 16.24 0.00 17.70 1.05 18.60 9.94 10.36 167.68
SD 0.05 0.11 3.75 3.72 1.94 0.00 2.60 0.10 2.82 1.76 1.36 1.90
Mean 1.02 0.80 20.56 22.10 16.34 0.00 17.92 1.23 21.84 11.25 11.30 152.65
SD 0.11 0.04 3.00 4.00 1.70 0.00 2.86 0.10 2.95 2.50 1.83 2.82
Mean 0.95 0.77 20.64 21.72 15.90 0.00 17.14 1.28 21.88 10.94 10.38 150.92
SD 0.04 0.05 2.41 2.44 1.33 0.00 2.00 0.06 1.99 0.71 0.88 2.82
Mean 0.89 0.74 20.28 21.56 15.00 0.00 16.22 1.26 20.36 10.64 9.40 146.78
SD 0.07 0.03 1.29 2.11 1.27 0.00 1.05 0.10 1.63 1.33 0.57 4.42
Mean 0.85 0.72 20.18 22.14 14.44 0.00 15.02 1.34 20.22 11.35 9.68 146.23
SD 0.05 0.06 2.57 2.80 1.31 0.00 1.49 0.05 2.45 0.57 0.54 6.72
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Carcharhinus leucas 
 
BO
Mean 6.38
SD 9.04
Mean 6.15
SD 6.33
Mean 6.46
SD 7.01
Mean 22.52
SD 3.16
Mean 22.04
SD 12.65
Mean 21.58
SD 3.58
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.55 1.09 0.00 1.08 140.20
Lower, 4-5 1.42 0.93 0.00 1.11 138.18
Lower 7-8 1.26 0.75 0.00 1.13 134.65
Upper, 1-2 1.10 1.05 0.00 1.06 165.17
Upper, 4-5 0.98 0.79 0.00 1.25 151.79
Upper, 7-8 0.87 0.73 0.00 1.30 146.50  
 
 Appendix F (continued): Carcharhinus limbatus 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 2.47 1.19 8.15 9.35 9.30 0.00 10.20 0.91 9.30 3.00 7.40 120.40
SD 0.49 0.78 0.00
Mean 2.00 1.02 9.70 11.10 10.20 0.00 10.50 1.05 11.00 3.85 8.60 123.70
SD 0.42 0.42 0.00 0.64
Mean 1.73 0.95 9.85 10.20 9.35 0.00 10.80 0.98 10.55 4.60 7.95 131.30
SD 0.07 0.04 0.35 1.98 0.07 0.00 0.14 0.01 0.21 0.14 0.07 3.25
Mean 1.66 0.86 10.30 11.50 8.75 0.00 10.50 1.07 11.30 4.80 7.70 127.40
SD 0.36 0.14 0.99 1.27 0.64 0.00 0.14 0.23 2.55 1.56 0.85 2.55
Mean 1.41 0.75 10.30 11.55 8.30 0.00 10.60 1.24 13.10 4.65 8.30 131.30
SD 0.99 1.20 0.00 1.77
Mean 1.84 0.79 9.75 10.15 7.65 0.00 9.10 0.99 9.00 3.75 6.90 129.25
SD 0.02 0.04 0.21 0.92 0.21 0.00 0.14 0.02 0.28 0.35 0.57 1.63
Mean 1.55 1.17 6.80 7.30 7.80 0.00 8.65 0.90 7.65 4.20 6.50 140.70
SD 0.07 0.22 1.27 0.57 0.00 0.00 0.92 0.20 0.92 0.00 0.28 5.37
Mean 1.48 1.09 8.00 10.20 8.70 0.00 8.80 1.03 9.10 5.20 7.70 138.50
SD 0.00
Mean 1.57 0.81 11.65 12.95 10.60 0.00 11.30 1.05 11.90 4.60 7.70 129.30
SD 2.05 0.92 0.00
Mean 1.31 0.82 12.60 13.75 10.25 0.00 10.35 1.20 12.40 6.25 8.00 125.70
SD 0.19 0.07 1.27 2.19 0.21 0.00 0.07 0.01 0.00 1.77 1.13 0.14
Mean 1.54 0.73 12.70 13.65 9.20 0.00 9.85 1.25 12.30 4.55 6.70 125.35
SD 0.41 0.06 1.70 2.19 0.42 0.00 0.35 0.07 0.28 1.48 0.42 0.64
Mean 1.22 0.72 12.40 13.80 8.90 0.00 938.00 0.01 11.90 6.00 7.30 117.20
SDUpper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Lower, 1
Lower, 2
Lower, 4
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 Appendix F (continued): Carcharhinus limbatus 
 
BO
Mean 1.20
SD 1.70
Mean 3.25
SD 0.07
Mean 1.65
SD 0.35
Mean 2.90
SD
Mean 3.60
SD 0.57
Mean 4.00
SD
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 2.23 1.11 0.00 0.98 122.05
Lower, 4-5 1.70 0.90 0.00 1.03 129.35
Lower 7-8 1.62 0.77 0.00 1.11 130.28
Upper, 1-2 1.51 1.13 0.00 0.96 139.60
Upper, 4-5 1.44 0.81 0.00 1.13 127.50
Upper, 7-8 1.38 0.72 0.00 0.63 121.28  
 
 Appendix F (continued): Carcharhinus perezi 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.34 0.90 8.13 9.70 6.93 0.00 7.50 0.99 7.43 4.00 5.35 125.65
SD 0.06 0.01 0.73 0.75 0.59 0.00 0.98 0.08 1.23 0.28 0.64 0.92
Mean 1.69 0.98 9.52 11.52 9.15 0.00 9.88 1.04 10.15 4.43 7.48 130.03
SD 0.10 0.07 0.85 0.74 0.54 0.00 1.29 0.09 0.56 0.21 0.53 4.94
Mean 1.62 0.86 11.42 12.63 9.82 0.00 11.07 1.06 11.65 4.73 7.68 131.68
SD 0.08 0.07 0.98 0.80 0.64 0.00 1.00 0.10 0.74 0.28 0.55 8.66
Mean 1.55 0.83 12.60 13.00 10.08 0.00 11.08 1.05 11.58 5.02 7.70 132.58
SD 0.18 0.07 1.33 1.89 0.99 0.00 1.00 0.04 0.89 0.65 0.77 7.41
Mean 1.42 0.76 11.38 13.22 8.55 0.00 9.75 1.05 10.25 4.60 6.53 122.33
SD 0.08 0.15 1.53 1.59 0.44 0.00 0.70 0.07 0.83 0.32 0.59 4.33
Mean 1.30 0.69 11.58 13.25 8.07 0.00 9.33 0.99 9.23 4.63 6.03 121.60
SD 0.08 0.04 1.30 1.61 1.24 0.00 1.21 0.08 0.76 0.71 0.78 3.57
Mean 1.44 1.03 8.30 10.17 8.48 0.00 9.15 1.01 9.28 4.37 6.28 369.80
SD 0.09 0.10 0.94 1.39 0.77 0.00 0.56 0.04 0.83 0.39 0.31 535.90
Mean 1.61 1.07 10.02 11.97 10.58 0.00 10.42 1.10 11.40 4.78 7.36 142.54
SD 0.42 0.12 0.73 1.07 1.32 0.00 0.87 0.10 1.22 1.06 0.64 3.86
Mean 1.12 0.80 14.23 15.70 11.43 0.00 11.17 1.27 14.12 6.78 7.58 135.86
SD 0.07 0.04 1.66 1.77 1.38 0.00 1.27 0.09 1.29 0.98 0.79 5.92
Mean 1.09 1.11 13.20 16.03 10.00 0.00 10.33 1.30 13.37 6.37 6.93 133.80
SD 0.06 0.62 4.07 2.03 0.30 0.00 1.11 0.11 0.32 0.25 0.31 2.85
Mean 0.98 0.87 13.48 15.32 11.38 0.00 9.62 1.43 13.72 6.76 6.60 124.20
SD 0.06 0.37 2.39 2.15 3.86 0.00 1.13 0.05 1.50 0.94 0.98 3.97
Mean 0.88 0.68 12.78 14.58 8.57 0.00 8.63 1.57 13.43 6.90 6.00 121.43
SD 0.12 0.11 1.65 1.47 0.21 0.00 0.85 0.20 1.17 1.13 0.26 9.27
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Carcharhinus perezi 
 
BO
Mean 16.08
SD 9.69
Mean 13.09
SD 4.42
Mean 14.74
SD 5.17
Mean 21.14
SD 5.83
Mean 16.96
SD 3.26
Mean 27.33
SD 3.70
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.51 0.94 0.00 1.01 127.84
Lower, 4-5 1.59 0.85 0.00 1.05 132.13
Lower 7-8 1.36 0.73 0.00 1.02 121.96
Upper, 1-2 1.53 1.05 0.00 1.05 256.17
Upper, 4-5 1.11 0.96 0.00 1.29 134.83
Upper, 7-8 0.93 0.77 0.00 1.50 122.82  
 
 Appendix F (continued): Carcharhinus plumbeus 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.77 0.97 6.97 7.43 6.67 0.00 7.03 1.04 7.30 3.47 5.97 135.77
SD 0.43 0.13 1.46 0.38 0.76 0.00 0.74 0.05 1.05 0.67 0.65 3.44
Mean 1.75 0.93 8.43 10.50 8.05 0.00 8.80 0.99 8.60 4.00 6.90 131.05
SD 0.31 0.08 0.68 1.44 0.07 0.00 1.27 0.21 0.57 0.71 0.00 5.73
Mean 1.56 0.86 9.70 11.13 8.55 0.00 9.80 0.95 9.30 4.00 6.25 134.45
SD 0.02 0.01 0.69 0.50 0.64 0.00 0.71 0.03 0.42 0.00 0.07 5.16
Mean 1.33 0.86 10.20 10.63 8.70 0.00 9.43 1.02 9.60 5.33 7.10 127.27
SD 0.14 0.14 0.79 1.40 0.72 0.00 0.23 0.12 1.28 0.38 0.87 9.92
Mean 1.22 0.66 10.27 11.47 6.73 0.00 7.87 1.04 8.17 4.43 5.37 127.10
SD 0.05 0.04 0.90 0.81 0.21 0.00 0.21 0.10 0.64 0.68 0.57 5.37
Mean 1.44 0.64 10.33 10.73 6.60 0.00 7.97 1.09 8.67 3.57 5.07 128.10
SD 0.29 0.03 0.38 0.67 0.17 0.00 0.49 0.13 0.47 0.38 0.57 1.51
Mean 1.29 1.10 7.90 8.70 8.60 0.00 9.03 1.03 9.33 5.30 6.83 156.57
SD 0.05 0.15 1.11 0.79 0.26 0.00 0.21 0.04 0.40 0.20 0.12 6.67
Mean 1.13 0.93 11.07 12.50 10.07 0.00 10.50 1.14 11.97 7.27 8.23 148.57
SD 0.05 0.16 2.06 1.47 0.85 0.00 0.53 0.03 0.57 0.21 0.59 8.72
Mean 1.00 0.77 13.03 14.07 10.00 0.00 10.73 1.30 13.73 7.20 7.23 137.87
SD 0.04 0.05 0.81 0.81 0.00 0.00 2.07 0.20 0.81 0.44 0.65 7.46
Mean 0.93 0.74 13.40 15.43 9.80 0.00 10.03 1.41 13.90 8.00 7.47 133.53
SD 0.11 0.09 1.71 1.70 0.10 0.00 1.55 0.22 0.46 0.66 1.06 11.82
Mean 0.83 0.73 12.37 13.97 8.85 0.00 8.60 1.52 13.00 6.55 5.45 139.25
SD 0.01 0.05 0.76 0.81 0.07 0.00 0.57 0.28 1.56 1.34 1.20 3.46
Mean 0.75 0.69 12.45 13.15 8.50 0.00 8.85 1.47 12.85 8.25 6.15 124.20
SD 0.05 0.14 1.34 1.63 0.85 0.00 0.92 0.35 1.77 0.49 0.07 11.17
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
 
287
 
 Appendix F (continued): Carcharhinus plumbeus 
 
BO
Mean 18.07
SD 11.83
Mean 15.62
SD 15.98
Mean 13.69
SD 12.25
Mean 24.68
SD 9.94
Mean 17.88
SD 8.68
Mean 31.01
SD 2.65
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.76 0.95 0.00 1.01 133.41
Lower, 4-5 1.45 0.86 0.00 0.98 130.86
Lower 7-8 1.33 0.65 0.00 1.07 127.60
Upper, 1-2 1.21 1.01 0.00 1.09 152.57
Upper, 4-5 0.97 0.75 0.00 1.36 135.70
Upper, 7-8 0.79 0.71 0.00 1.50 131.73  
 
 Appendix F (continued): Negaprion brevirostris 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.94 1.40 9.78 28.87 13.94 0.00 13.24 1.15 15.18 5.90 11.33 421.85
SD 0.17 0.14 1.80 40.16 1.94 0.00 1.42 0.11 1.61 1.14 1.49 604.85
Mean 1.78 1.06 11.75 13.83 12.24 0.00 13.62 1.12 15.26 6.22 10.98 127.98
SD 0.09 0.24 1.73 2.15 2.55 0.00 1.91 0.06 2.22 1.08 1.43 4.65
Mean 1.67 0.91 12.53 14.33 11.34 0.00 12.16 1.05 12.70 5.40 9.00 120.86
SD 0.06 0.12 2.29 2.25 1.70 0.00 1.99 0.05 2.13 1.10 1.67 4.09
Mean 1.53 0.88 12.57 14.28 12.10 0.00 12.47 1.16 14.40 6.30 9.53 118.07
SD 0.18 0.08 1.87 2.16 0.10 0.00 1.35 0.02 1.57 0.95 0.75 0.70
Mean 1.41 0.73 12.54 13.84 9.47 0.00 10.50 1.08 11.53 4.73 6.60 115.70
SD 0.09 0.10 2.98 3.04 2.02 0.00 2.42 0.11 3.72 1.75 2.26 4.45
Mean 1.35 0.69 11.58 13.74 8.00 0.00 8.33 1.26 10.58 4.40 6.00 118.05
SD 0.10 0.04 2.53 2.53 1.93 0.00 1.62 0.15 2.96 1.03 1.66 5.25
Mean 1.80 1.33 8.47 10.15 11.17 0.00 11.55 1.04 12.03 5.33 9.50 131.13
SD 0.21 0.14 1.68 1.71 1.80 0.00 1.90 0.04 2.36 0.98 1.52 9.20
Mean 1.76 1.29 9.47 10.97 11.98 0.00 11.28 1.16 13.15 5.83 10.37 136.20
SD 0.16 0.11 1.07 1.50 2.53 0.00 2.05 0.03 2.60 0.99 2.48 19.24
Mean 1.22 0.81 16.54 17.76 13.90 0.00 14.57 1.24 18.03 8.93 10.97 118.50
SD 0.06 0.03 2.68 2.47 2.25 0.00 2.74 0.02 3.23 2.35 3.33 4.16
Mean 1.31 0.76 16.37 17.48 12.62 0.00 12.44 1.41 17.50 6.58 8.63 120.33
SD 0.14 0.05 2.61 2.69 2.05 0.00 1.95 0.06 2.41 1.18 1.84 5.13
Mean 1.20 0.78 14.18 15.43 11.22 0.00 11.08 1.46 16.22 6.65 7.95 116.10
SD 0.07 0.08 2.44 3.16 2.34 0.00 1.38 0.07 2.79 1.79 2.04 2.08
Mean 1.10 0.77 13.33 15.03 10.22 0.00 10.06 1.35 12.96 6.73 7.38 112.03
SD 0.10 0.06 1.92 2.64 1.63 0.00 2.24 0.44 3.93 1.42 1.48 4.17
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Negaprion brevirostris 
 
BO
Mean 9.71
SD 9.39
Mean 7.96
SD 5.41
Mean 9.73
SD 6.71
Mean 12.99
SD 11.45
Mean 14.77
SD 4.79
Mean 15.11
SD 8.91
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.86 1.23 0.00 1.14 274.92
Lower, 4-5 1.60 0.89 0.00 1.10 119.46
Lower 7-8 1.38 0.71 0.00 1.17 116.88
Upper, 1-2 1.78 1.31 0.00 1.10 133.67
Upper, 4-5 1.26 0.78 0.00 1.33 119.41
Upper, 7-8 1.15 0.78 0.00 1.40 114.06  
 
 Appendix F (continued): Galeocerdo cuvier 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 0.71 0.74 16.85 18.60 12.60 88.25 13.80 1.22 15.90 10.15 7.13 127.75
SD 0.09 0.10 3.48 4.21 3.56 14.00 4.48 0.34 4.08 2.73 1.66 15.24
Mean 0.70 0.70 18.90 19.18 13.46 74.24 15.58 1.23 16.82 10.64 7.32 119.22
SD 0.06 0.08 4.97 5.72 4.49 12.19 7.58 0.46 4.94 3.48 2.05 15.40
Mean 0.63 0.66 21.28 21.56 13.28 74.80 14.80 1.38 19.48 10.60 6.60 112.00
SD 0.05 0.05 6.28 6.13 4.89 12.87 6.55 0.21 5.90 3.70 1.91 19.31
Mean 0.50 0.60 21.94 22.82 13.50 74.55 15.17 1.45 21.60 12.33 5.73 104.80
SD 0.11 0.01 7.00 7.83 4.20 17.89 5.30 0.20 6.78 5.25 1.50 16.26
Mean 0.46 0.54 19.60 20.56 11.60 77.28 12.25 1.65 19.90 11.58 5.33 105.03
SD 0.05 0.03 6.28 7.14 2.99 6.87 3.67 0.10 5.18 3.19 1.52 14.45
Mean 0.42 0.49 18.50 18.36 9.95 69.63 11.88 1.48 17.00 11.37 4.73 109.55
SD 0.05 0.02 6.09 5.92 2.64 12.56 4.14 0.18 4.49 1.03 0.23 8.48
Mean 0.73 0.74 20.06 20.58 16.48 85.03 17.70 1.31 23.35 12.05 8.85 127.15
SD 0.05 0.05 7.18 7.13 4.79 7.97 4.89 0.09 6.73 3.53 2.88 13.21
Mean 0.67 0.72 21.40 22.12 15.56 72.82 17.50 1.23 19.88 11.34 7.56 112.84
SD 0.07 0.06 6.34 7.33 5.52 9.84 7.71 0.32 6.13 3.96 2.49 10.63
Mean 0.66 0.70 22.32 23.36 15.38 73.14 15.92 1.42 22.12 11.64 7.52 116.44
SD 0.08 0.06 7.47 6.98 4.88 17.17 5.36 0.18 6.22 3.88 2.14 14.37
Mean 0.60 0.63 22.82 24.58 15.60 76.43 16.43 1.45 23.68 12.85 7.48 114.20
SD 0.07 0.09 6.91 7.83 5.02 7.74 5.16 0.13 6.74 3.97 1.85 9.43
Mean 0.49 0.55 19.46 19.52 11.60 65.13 12.18 1.63 19.65 12.15 5.90 100.63
SD 0.04 0.02 6.27 6.11 2.97 12.59 3.28 0.12 4.88 3.57 1.59 11.92
Mean 0.41 0.49 16.96 17.84 8.36 62.42 8.80 1.81 15.82 9.66 3.88 92.42
SD 0.06 0.05 4.86 5.99 2.85 7.78 2.72 0.07 4.53 3.29 1.00 7.91
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Galeocerdo cuvier 
 
BO
Mean 8.91
SD 6.12
Mean 2.67
SD 3.82
Mean -1.05
SD 4.26
Mean 6.06
SD 6.34
Mean 3.54
SD 8.04
Mean 1.97
SD 12.69
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 0.71 0.72 81.25 1.23 123.49
Lower, 4-5 0.56 0.63 74.68 1.41 108.40
Lower 7-8 0.44 0.52 73.45 1.56 107.29
Upper, 1-2 0.70 0.73 78.92 1.27 120.00
Upper, 4-5 0.63 0.66 74.78 1.44 115.32
Upper, 7-8 0.45 0.52 63.77 1.72 96.52  
 
 Appendix F (continued): Prionace glauca 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 2.26 5.18 6.63 8.97 32.08 0.00 12.42 1.03 12.90 4.63 10.33 148.18
SD 0.31 7.65 1.47 1.54 44.29 0.00 2.12 0.11 2.90 1.05 2.19 9.22
Mean 7.24 1.75 7.87 9.22 14.30 0.00 13.76 1.11 15.32 4.28 32.08 143.76
SD 10.20 0.17 1.61 1.63 1.71 0.00 1.73 0.05 2.00 0.69 47.48 6.54
Mean 2.08 1.51 8.90 10.30 12.23 0.00 11.65 1.16 13.48 4.75 9.60 133.40
SD 0.35 0.06 1.45 1.09 1.18 0.00 1.21 0.22 2.73 1.29 1.43 8.09
Mean 1.65 1.19 10.05 11.08 11.35 0.00 11.20 1.13 12.48 5.08 8.18 129.28
SD 0.31 0.11 1.46 1.61 1.23 0.00 1.33 0.27 2.21 1.08 1.16 6.86
Mean 1.46 0.92 10.42 11.93 10.23 0.00 9.98 1.26 12.55 4.88 7.15 121.98
SD 0.17 0.06 2.04 2.66 1.60 0.00 1.43 0.09 1.66 0.67 1.26 1.41
Mean 1.61 0.90 9.70 11.12 9.50 0.00 10.03 1.14 11.45 4.40 7.05 126.85
SD 0.18 0.09 2.21 2.17 1.01 0.00 0.28 0.23 2.43 0.63 1.12 4.08
Mean 1.42 1.13 12.24 13.38 14.13 0.00 14.85 1.12 16.23 7.48 10.53 138.63
SD 0.20 0.09 0.81 1.35 0.92 0.00 1.92 0.27 1.81 0.85 0.55 8.12
Mean 1.16 1.01 12.67 13.93 12.60 0.00 12.13 1.41 17.17 7.43 8.60 135.00
SD 0.04 0.15 2.19 2.15 1.42 0.00 1.21 0.08 2.12 1.00 1.15 11.98
Mean 1.12 0.95 12.94 14.22 11.75 0.00 11.95 1.44 16.60 6.93 7.75 128.08
SD 0.19 0.08 1.97 1.91 2.31 0.00 3.11 0.25 1.77 0.74 1.42 4.14
Mean 0.97 0.88 12.75 14.55 10.66 0.00 11.82 1.31 15.24 7.82 7.58 334.68
SD 0.17 0.11 2.31 2.58 2.12 0.00 2.04 0.37 4.10 1.11 1.50 470.89
Mean 0.93 0.82 12.28 13.96 9.98 0.00 11.54 1.22 13.46 6.98 6.46 116.68
SD 0.09 0.05 2.13 2.69 1.27 0.00 1.73 0.53 4.76 0.98 1.07 3.75
Mean 0.89 0.94 12.15 14.13 10.60 0.00 10.42 1.34 13.42 6.92 6.10 118.30
SD 0.11 0.26 2.29 2.59 0.68 0.00 1.63 0.42 3.19 0.79 0.42 3.45
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Prionace glauca 
 
BO
Mean 8.93
SD 9.96
Mean 6.91
SD 12.24
Mean 3.38
SD 14.77
Mean 27.78
SD 1.37
Mean 21.57
SD 6.50
Mean 23.49
SD 3.83
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 4.75 3.47 0.00 1.07 145.97
Lower, 4-5 1.86 1.35 0.00 1.15 131.34
Lower 7-8 1.54 0.91 0.00 1.20 124.41
Upper, 1-2 1.29 1.07 0.00 1.27 136.81
Upper, 4-5 1.05 0.91 0.00 1.37 231.38
Upper, 7-8 0.91 0.88 0.00 1.28 117.49  
 
 Appendix F (continued): Sphyrna mokarran 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.42 1.08 10.03 11.95 10.72 0.00 11.06 1.09 11.84 6.10 8.64 140.52
SD 0.09 0.09 1.42 1.70 1.01 0.00 1.96 0.15 1.05 0.53 0.85 14.12
Mean 1.40 1.14 11.43 12.57 13.08 0.00 13.28 1.01 13.43 6.85 9.63 145.50
SD 0.03 0.10 1.49 1.53 0.76 0.00 1.41 0.09 1.37 0.41 0.71 15.86
Mean 1.31 1.05 11.95 13.30 12.98 0.00 12.75 1.31 16.53 7.75 10.18 137.60
SD 0.02 0.09 1.38 1.47 1.59 0.00 1.81 0.11 1.48 0.80 1.13 13.50
Mean 1.18 0.95 11.82 13.28 10.58 0.00 11.50 1.10 12.45 6.98 8.25 134.00
SD 0.11 0.07 1.47 1.33 1.58 0.00 1.65 0.24 2.44 0.74 1.54 7.63
Mean 1.14 0.92 11.68 12.78 10.48 0.00 10.30 1.26 12.90 6.62 7.58 137.16
SD 0.12 0.06 1.24 1.66 1.50 0.00 1.63 0.10 1.69 0.70 1.22 7.91
Mean 1.14 0.87 11.72 12.70 10.18 0.00 10.67 1.24 13.13 6.63 7.55 133.47
SD 0.17 0.08 1.03 1.16 1.57 0.00 2.08 0.10 1.92 0.55 1.33 13.30
Mean 1.14 0.92 8.07 8.93 6.80 0.00 7.23 1.11 7.85 4.33 4.93 139.03
SD 0.07 0.23 1.53 1.28 1.34 0.00 1.36 0.19 0.97 0.70 0.74 10.58
Mean 0.93 0.82 10.20 10.45 7.68 0.00 7.35 1.51 11.00 6.08 5.68 117.20
SD 0.05 0.18 2.13 1.90 1.63 0.00 1.42 0.14 1.85 0.83 1.03 12.92
Mean 0.95 0.79 11.82 12.75 8.78 0.00 8.88 1.55 13.78 6.75 6.45 117.88
SD 0.11 0.14 2.81 2.33 1.61 0.00 1.16 0.13 2.10 1.33 1.50 5.10
Mean 0.88 0.80 12.22 12.72 9.48 0.00 8.58 1.73 14.50 7.50 6.60 127.55
SD 0.13 0.07 1.21 1.06 1.47 0.00 2.08 0.25 1.65 0.48 1.25 12.12
Mean 0.94 0.73 13.27 14.13 10.03 0.00 9.65 1.66 16.03 8.08 7.58 114.73
SD 0.06 0.09 1.21 1.27 1.24 0.00 0.79 0.07 1.12 0.59 0.19 2.67
Mean 0.88 0.67 13.10 13.62 9.10 0.00 39.73 1.17 15.20 7.93 7.00 117.30
SD 0.09 0.09 1.08 0.87 1.56 0.00 53.93 0.88 1.50 0.35 0.40 6.03
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Sphyrna mokarran 
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U
U
L
L
U
BO
Mean 20.54
SD 40.43
Mean 21.61
SD 67.12
Mean 22.24
SD 45.40
Mean 25.03
SD 16.14
Mean 15.67
SD 70.59
Mean 12.69
SD 117.84
pper, 4-
5
pper, 7-
8
ower, 1-
2
ower, 4-
5
Lower 7-
8
pper, 1-
2
 
 
AAR CAR CA CI NA
Lower, 1-2 1.41 1.11 0.00 1.05 143.01
Lower, 4-5 1.24 1.00 0.00 1.20 135.80
Lower 7-8 1.14 0.89 0.00 1.25 135.31
Upper, 1-2 1.04 0.87 0.00 1.31 128.11
Upper, 4-5 0.92 0.79 0.00 1.64 122.71
Upper, 7-8 0.91 0.70 0.00 1.42 116.01  
 
 Appendix F (continued): Sphyrna tiburo 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 0.94 0.56 3.84 4.16 2.12 111.00 2.64 1.17 3.10 1.64 1.52 132.74
SD 0.16 0.07 0.62 0.62 0.15 0.11 0.18 0.52 0.27 0.22 11.92
Mean 0.75 0.50 4.70 4.60 2.36 2.86 1.40 3.86 2.52 1.82 123.16
SD 0.16 0.04 0.22 0.53 0.15 0.52 0.37 0.36 0.70 0.23 7.68
Mean 0.54 0.32 5.22 5.84 1.64 85.70 2.32 1.85 4.24 2.38 1.28 112.84
SD 0.18 0.06 0.64 0.96 0.32 4.19 0.40 0.16 0.43 0.19 0.48 8.79
Mean 0.46 0.35 5.24 5.60 1.82 95.14 2.38 1.74 4.14 2.16 1.00 122.28
SD 0.07 0.04 0.46 0.62 0.27 14.50 0.25 0.11 0.36 0.11 0.14 11.45
Mean 0.30 0.28 5.18 5.56 1.48 106.90 2.16 1.84 3.90 1.88 0.58 131.38
SD 0.12 0.08 0.36 0.63 0.46 13.30 0.39 0.21 0.31 0.13 0.26 6.74
Mean 0.22 0.24 4.84 5.38 1.14 126.70 2.02 1.75 3.48 1.90 0.40 140.85
SD 0.05 0.06 0.19 0.30 0.23 32.77 0.24 0.33 0.29 0.45 0.08 19.75
Mean 0.69 0.51 2.98 3.52 1.52 80.90 1.70 1.57 2.68 1.40 0.96 116.10
SD 0.15 0.05 0.38 0.52 0.19 0.00 0.14 0.20 0.44 0.29 0.21 11.07
Mean 0.55 0.42 3.92 4.38 1.73 85.75 1.90 1.99 3.75 1.95 1.05 102.68
SD 0.09 0.06 0.77 0.88 0.46 14.64 0.42 0.16 0.72 0.65 0.31 11.59
Mean 0.58 0.45 4.84 5.28 2.14 65.43 2.32 1.95 4.52 2.20 1.20 104.48
SD 0.16 0.06 0.90 1.06 0.21 20.93 0.22 0.30 0.77 0.69 0.14 7.71
Mean 0.49 0.35 6.22 7.04 2.25 79.80 2.58 2.21 5.68 2.73 1.33 94.38
SD 0.03 0.01 0.99 0.91 0.40 10.80 0.45 0.05 0.93 0.56 0.26 7.12
Mean 0.37 0.35 5.72 6.24 1.96 61.77 2.26 2.24 5.02 2.78 1.02 94.72
SD 0.08 0.05 0.68 0.69 0.19 17.82 0.25 0.25 0.42 0.34 0.18 10.32
Mean 0.32 0.34 5.40 6.10 1.84 66.65 2.00 2.46 4.92 3.12 0.94 91.02
SD 0.12 0.05 0.77 0.66 0.17 10.56 0.16 0.36 0.78 0.61 0.17 7.16
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Sphyrna tiburo 
 
BO
Mean 23.55
SD 9.39
Mean 22.07
SD 3.64
Mean 23.35
SD 4.11
Mean 28.47
SD 5.05
Mean 24.07
SD 7.45
Mean 24.45
SD 7.80
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 0.85 0.53 0.00 1.29 127.95
Lower, 4-5 0.50 0.33 90.42 1.80 117.56
Lower 7-8 0.26 0.26 116.80 1.79 136.12
Upper, 1-2 0.62 0.47 83.33 1.78 109.39
Upper, 4-5 0.54 0.40 72.62 2.08 99.43
Upper, 7-8 0.34 0.35 64.21 2.35 92.87  
 
 Appendix F (continued): Hemipristis elongata 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 4.68 4.65 1.74 2.44 8.07 63.70 7.67 0.99 7.63 1.70 7.67 174.37
SD 0.97 1.02 0.61 0.96 1.08 0.49 0.05 0.86 0.46 0.40 9.58
Mean 3.54 3.03 2.40 2.96 7.45 98.90 7.30 0.97 7.13 1.75 6.18 171.10
SD 0.41 0.23 0.55 0.41 2.05 2.55 2.01 0.04 2.08 0.47 1.83 6.92
Mean 3.16 2.82 2.62 3.36 7.08 77.57 6.45 1.11 7.23 1.98 6.25 166.75
SD 0.24 0.22 0.60 0.89 1.97 17.64 1.34 0.08 1.91 0.31 1.17 13.74
Mean 2.76 2.63 2.82 3.52 7.68 76.17 7.18 1.04 7.40 2.20 6.03 162.15
SD 0.22 0.73 0.41 0.71 2.07 18.94 1.52 0.09 1.21 0.41 0.83 5.77
Mean 2.04 2.41 2.44 3.48 6.03 70.10 6.30 1.08 6.85 2.25 4.50 169.73
SD 0.28 0.40 0.67 1.11 1.07 10.47 1.08 0.18 1.80 0.50 0.56 5.25
Mean 1.88 1.62 3.04 3.86 4.84 82.80 4.92 1.10 5.28 2.22 4.24 156.64
SD 0.19 0.27 0.85 1.18 1.13 1.53 0.18 1.31 0.90 2.02 20.88
Mean 3.10 2.89 2.56 2.53 6.48 0.00 6.20 1.02 6.28 2.10 5.33 177.60
SD 1.29 1.03 1.26 1.49 2.02 0.00 2.06 0.08 2.10 1.33 1.95 3.14
Mean 1.48 1.59 4.66 5.76 7.83 0.00 6.90 1.25 8.60 3.85 5.23 146.15
SD 0.49 0.38 2.13 2.64 1.69 0.00 1.54 0.23 2.14 1.33 0.95 11.52
Mean 0.75 0.86 7.16 8.40 6.67 0.00 6.47 1.56 9.97 4.67 3.67 141.47
SD 0.11 0.11 2.14 2.18 2.18 0.00 1.92 0.11 2.50 2.25 2.12 7.58
Mean 0.84 0.82 7.44 8.34 5.98 0.00 5.58 1.67 9.35 4.73 3.98 133.58
SD 0.11 0.03 1.83 1.79 1.81 0.00 1.56 0.11 2.77 1.76 1.62 7.45
Mean 0.67 0.84 6.64 7.20 5.15 0.00 4.88 1.59 7.63 4.28 2.93 135.95
SD 0.09 0.09 1.68 1.50 1.10 0.00 0.78 0.27 1.08 1.27 1.15 5.33
Mean 0.59 0.84 5.96 7.26 4.40 0.00 4.48 1.57 7.00 3.80 2.28 133.15
SD 0.09 0.09 1.82 1.50 0.74 0.00 0.77 0.14 1.29 1.12 0.82 15.14
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Hemipristis elongata 
 
BO
Mean 0.00
SD 0.00
Mean 27.23
SD 24.96
Mean 27.96
SD 30.22
Mean 42.62
SD 35.13
Mean 33.99
SD 3.47
Mean 34.30
SD 7.53
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 4.11 3.84 81.30 0.98 172.73
Lower, 4-5 2.96 2.73 76.87 1.08 164.45
Lower 7-8 1.96 2.01 76.45 1.09 163.18
Upper, 1-2 2.29 2.24 0.00 1.13 161.88
Upper, 4-5 0.79 0.84 0.00 1.62 137.52
Upper, 7-8 0.63 0.84 0.00 1.58 134.55  
 
 Appendix F (continued): Paragaleus pectoralis 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.73 0.84 3.18 3.33 2.60 0.00 3.05 1.00 3.05 1.38 2.30 123.23
SD 0.35 0.14 0.66 0.66 0.20 0.00 0.37 0.03 0.31 0.29 0.14 6.88
Mean 1.56 0.72 3.95 4.00 2.80 0.00 3.32 1.08 3.58 1.60 2.45 118.25
SD 0.32 0.11 0.44 0.47 0.24 0.00 0.29 0.10 0.10 0.20 0.29 8.80
Mean 1.31 1.96 4.28 4.40 8.70 100.40 3.10 1.19 3.68 1.65 2.15 121.38
SD 0.14 2.69 0.39 0.38 12.20 0.36 0.07 0.25 0.17 0.13 4.18
Mean 1.26 0.54 4.15 4.53 2.25 94.50 2.68 1.33 3.55 1.38 1.68 123.83
SD 0.44 0.06 0.31 0.45 0.26 8.20 0.25 0.12 0.31 0.19 0.29 9.65
Mean 0.78 0.40 3.80 4.18 1.53 73.68 1.78 1.94 3.35 1.15 0.83 115.40
SD 0.39 0.09 0.67 0.73 0.35 16.33 0.43 0.39 0.58 0.40 0.29 16.27
Mean 0.38 0.34 3.43 3.60 1.17 53.67 1.27 2.56 3.20 1.40 0.47 106.00
SD 0.25 0.04 0.74 0.87 0.25 2.45 0.25 0.31 0.46 0.56 0.15 10.37
Mean 1.32 0.76 2.45 2.93 1.85 80.00 2.63 0.93 2.45 1.28 1.45 148.53
SD 0.41 0.23 0.37 0.50 0.66 8.28 0.42 0.05 0.50 0.77 0.30 11.45
Mean 0.87 0.45 4.00 4.03 2.63 61.15 2.77 1.65 4.53 1.77 1.47 118.97
SD 0.25 0.31 0.83 0.87 0.35 4.17 0.35 0.14 0.40 0.45 0.15 12.17
Mean 0.85 0.63 4.43 4.70 2.75 57.65 2.85 1.76 5.03 1.48 1.23 107.63
SD 0.17 0.08 0.87 0.82 0.30 4.57 0.37 0.16 0.87 0.31 0.15 8.86
Mean 0.69 0.51 5.05 5.60 2.58 54.90 2.70 1.90 5.13 1.75 1.20 103.55
SD 0.09 0.04 0.60 0.72 0.45 9.17 0.41 0.15 0.83 0.34 0.18 3.86
Mean 0.63 0.55 4.58 4.80 2.53 55.70 2.58 1.92 4.85 1.78 1.10 105.25
SD 0.09 0.05 1.06 0.54 0.62 3.26 0.70 0.21 0.90 0.38 0.12 5.46
Mean 0.47 0.49 4.25 4.58 2.08 53.20 2.08 2.16 4.45 1.70 0.80 101.40
SD 0.04 0.06 0.54 0.29 0.38 5.51 0.32 0.18 0.37 0.08 0.08 10.43
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Paragaleus pectoralis 
 
BO
Mean 27.99
SD 6.33
Mean 29.53
SD 13.30
Mean 28.82
SD 7.86
Mean 19.48
SD 8.40
Mean 13.37
SD 9.16
Mean 26.07
SD 11.57
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.64 0.78 0.00 1.04 120.74
Lower, 4-5 1.29 1.25 97.45 1.26 122.60
Lower 7-8 0.58 0.37 63.67 2.25 110.70
Upper, 1-2 1.09 0.61 70.58 1.29 133.75
Upper, 4-5 0.77 0.57 56.28 1.83 105.59
Upper, 7-8 0.55 0.52 54.45 2.04 103.33  
 
 Appendix F (continued): Hemigaleus microstoma 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 2.07 1.26 1.23 1.28 1.53 0.00 1.60 1.09 1.75 0.58 1.18 151.68
SD 0.18 0.09 0.26 0.22 0.22 0.00 0.22 0.06 0.24 0.13 0.19 8.62
Mean 1.93 1.23 1.47 1.57 1.80 0.00 1.83 1.13 2.07 0.77 1.43 141.63
SD 0.31 0.10 0.15 0.15 0.20 0.00 0.21 0.05 0.15 0.25 0.29 3.36
Mean 2.17 1.13 1.60 1.80 1.80 0.00 1.90 1.11 2.10 0.60 1.30 145.40
SD
Mean 2.02 1.09 1.43 1.48 1.40 0.00 1.50 1.07 1.60 0.50 1.00 149.53
SD 0.23 0.08 0.39 0.33 0.30 0.00 0.30 0.01 0.30 0.10 0.17 2.78
Mean 1.89 0.97 1.33 1.33 1.28 0.00 1.38 1.10 1.53 0.55 0.95 148.80
SD 0.59 0.07 0.26 0.26 0.24 0.00 0.17 0.11 0.33 0.24 0.24 5.11
Mean 1.59 0.90 1.28 1.30 1.13 0.00 1.28 1.01 1.28 0.50 0.73 147.28
SD 0.38 0.08 0.33 0.29 0.21 0.00 0.26 0.07 0.21 0.27 0.19 2.38
Mean 1.00 0.93 1.90 1.95 1.80 0.00 1.80 1.46 2.55 0.80 0.80 133.75
SD 0.00 0.23 0.28 0.35 0.71 0.00 0.71 0.22 0.64 0.28 0.28 4.17
Mean 0.47 0.61 2.50 3.00 1.55 0.00 1.60 1.88 2.95 1.50 0.70 127.05
SD 0.04 0.06 0.57 0.49 0.00 0.57 0.18 0.78 0.14 0.00 10.39
Mean 0.53 0.61 3.25 3.25 2.00 0.00 2.00 1.79 3.55 1.40 0.75 116.70
SD 0.10 0.05 0.64 0.64 0.57 0.00 0.57 0.12 0.78 0.14 0.21 2.97
Mean 0.45 0.66 2.83 2.97 1.87 0.00 1.87 1.73 3.20 1.23 0.57 114.37
SD 0.11 0.05 0.55 0.49 0.42 0.00 0.42 0.11 0.56 0.15 0.21 4.71
Mean 0.22 0.59 2.90 3.00 1.70 0.00 1.50 1.98 2.95 1.15 0.25 104.80
SD 0.02 0.05 0.00 0.00 0.14 0.00 0.14 0.23 0.07 0.21 0.07 10.89
Mean 0.26 0.41 2.30 2.40 0.93 0.00 0.98 2.27 2.23 1.20 0.28 96.33
SD 0.13 0.04 0.44 0.50 0.13 0.00 0.13 0.19 0.42 0.39 0.10 10.01
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Hemigaleus microstoma 
 
BO
Mean 10.44
SD 6.19
Mean -5.71
SD
Mean 3.94
SD 4.66
Mean 0.00
SD
Mean 11.59
SD
Mean 11.90
SD 10.38
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 2.00 1.24 0.00 1.11 146.65
Lower, 4-5 2.09 1.11 0.00 1.09 147.47
Lower 7-8 1.74 0.93 0.00 1.05 148.04
Upper, 1-2 0.73 0.77 0.00 1.67 130.40
Upper, 4-5 0.49 0.63 0.00 1.76 115.53
Upper, 7-8 0.24 0.50 0.00 2.13 100.56  
 
 Appendix F (continued): Chlamydoselachus anguineus 
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Lo
Lo
Lo
Lo
Lo
Lo
U
U
U
U
U
U
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 2.63 1.16 3.40 3.40 3.90 70.95 4.20 1.01 4.23 1.10 2.83 153.13
SD 0.60 0.14 0.43 0.20 26.38 0.26 0.04 0.31 0.17 0.32 22.41
Mean 2.69 1.44 2.65 2.60 3.80 44.90 3.95 1.01 4.00 1.05 2.80 152.10
SD 0.58 0.12 0.21 0.00 4.67 0.07 0.05 0.14 0.07 0.42 25.03
Mean 3.20 1.29 3.95 4.90 61.20 5.30 1.03 5.40 1.10 3.60 141.00
SD 0.59 0.21 2.05 1.84 2.26 0.07 1.98 0.28 1.56 21.78
Mean 2.26 1.09 3.17 3.70 3.40 57.90 3.77 1.02 3.83 1.10 2.47 150.80
SD 0.18 0.16 0.58 0.20 0.35 0.03 0.38 0.17 0.25 3.30
Mean 2.30 1.06 3.10 2.90 3.30 71.90 3.80 0.95 3.60 1.00 2.30 161.80
SD
Mean 2.25 0.92 2.60 2.70 2.40 61.50 2.90 0.90 2.60 0.80 1.80 151.70
SD
Mean 3.53 1.79 2.67 3.50 4.67 43.50 4.80 1.00 4.80 1.13 3.67 152.33
SD 1.34 0.29 0.64 0.35 2.40 0.61 0.06 0.40 0.42 0.42 23.20
Mean 2.63 1.15 4.33 4.40 4.93 47.80 5.43 1.01 5.50 1.60 3.97 134.03
SD 0.69 0.16 0.70 0.75 0.57 0.03 0.70 0.53 0.51 8.93
Mean 2.26 1.19 3.78 5.60 4.40 48.90 4.80 1.04 4.88 3.26 3.50 127.32
SD 1.15 0.14 1.28 1.15 10.76 1.46 0.11 1.21 4.33 1.01 13.62
Mean 3.00 1.18 4.50 4.60 5.30 45.80 2.80 2.07 5.10 1.40 4.20 133.50
SD 0.99
Mean 2.22 0.92 3.00 3.30 2.75 58.60 3.10 1.07 3.30 0.90 2.00 139.15
SD 0.79 0.26 0.00 0.78 11.74 0.85 0.07 0.71 0.00 0.71 11.38
Mean 1.83 0.97 3.50 3.70 3.40 34.90 3.80 1.03 3.90 1.20 2.20 154.60
SD
wer, 1
wer, 2
wer, 4
wer, 5
wer, 7
wer, 8
pper, 1
pper, 8
pper, 2
pper, 4
pper, 5
pper, 7
 
 
 Appendix F (continued): Chlamydoselachus anguineus 
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U
U
L
L
L
U
BO
Mean -156.67
SD
Mean -92.86
SD
Mean
SD
Mean -202.53
SD
Mean -68.63
SD
Mean -45.71
SD
pper, 4-5
pper, 7-8
ower, 1-2
ower, 4-5
ower 7-8
pper, 1-2
 
 
AAR CAR CA CI NA
Lower, 1-2 2.66 1.30 57.93 1.01 152.62
Lower, 4-5 2.73 1.19 59.55 1.03 145.90
Lower 7-8 2.28 0.99 66.70 0.92 156.75
Upper, 1-2 3.08 1.47 45.65 1.01 143.18
Upper, 4-5 2.63 1.18 47.35 1.55 130.41
Upper, 7-8 2.03 0.94 46.75 1.05 146.88  
 
 Appendix F (continued): Hexanchus griseus 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 0.86 0.37 23.14 24.50 8.13 47.63 13.73 0.86 12.07 4.27 3.67 84.07
SD 0.12 0.06 6.86 7.11 3.62 6.22 4.02 0.13 4.74 1.46 1.33 2.00
Mean 0.59 0.32 29.90 30.83 9.70 54.20 17.73 1.18 18.73 7.00 4.15 83.80
SD 0.03 0.04 6.41 6.99 2.45 1.98 7.48 0.48 0.71 0.99 0.78 4.67
Mean 0.65 0.30 25.86 22.73 7.62 52.84 16.78 0.80 13.08 4.42 2.82 83.00
SD 0.10 0.04 8.10 5.57 2.42 2.91 5.66 0.38 5.62 1.52 1.06 3.94
Mean 0.55 0.28 26.30 26.94 6.28 43.40 13.58 0.86 11.75 4.25 2.33 79.93
SD 0.10 0.04 10.07 9.37 1.65 14.86 2.08 0.45 6.03 1.76 0.91 4.88
Mean 4.20 4.20
SD
Mean 2.70 3.00
SD
Mean 1.14 1.39 7.20 11.08 8.54 130.30 8.48 1.36 11.30 5.20 5.36 125.76
SD 0.30 0.61 3.29 4.61 2.25 #DIV/0! 2.83 0.33 4.37 2.50 1.86 10.81
Mean 1.35 1.06 11.26 11.70 10.03 75.53 11.05 1.11 12.38 5.13 6.63 87.70
SD 0.19 0.39 6.61 3.61 4.19 10.04 5.04 0.15 5.73 2.36 2.48 50.83
Mean 1.16 0.70 11.44 11.62 6.20 74.75 6.95 1.16 8.05 3.60 4.05 109.55
SD 0.13 0.05 4.03 3.93 3.54 3.61 4.03 0.01 4.60 1.70 1.48 5.16
Mean 1.23 0.70 12.26 12.82 6.00 72.75 7.05 1.09 7.85 3.15 3.55 100.20
SD 0.42 0.18 4.95 4.39 3.25 12.23 3.89 0.07 4.74 1.48 0.49 2.26
Mean 0.61 0.41 15.85 16.75 5.53 65.03 8.53 1.12 9.33 3.60 2.20 92.23
SD 0.08 0.07 4.45 5.03 0.40 5.06 1.10 0.33 1.70 0.61 0.56 1.44
Mean 0.41 0.32 12.47 12.60 4.07 76.57 6.57 1.14 7.47 3.53 1.47 100.43
SD 0.17 0.10 2.40 2.29 1.76 22.50 1.71 0.25 2.57 0.59 0.75 21.43
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Hexanchus griseus 
 
BO
Mean 0.00
SD 0.00
Mean -3.16
SD 9.02
Mean -55.56
SD
Mean -9.50
SD 24.68
Mean -19.55
SD 25.80
Mean 5.10
SD 15.47
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
 
308
 
AAR CAR CA CI NA
Lower, 1-2 0.73 0.35 50.92 1.02 83.93
Lower, 4-5 0.60 0.29 48.12 0.83 81.46
Lower 7-8
Upper, 1-2 1.25 1.23 102.92 1.24 106.73
Upper, 4-5 1.19 0.70 73.75 1.13 104.88
Upper, 7-8 0.51 0.36 70.80 1.13 96.33  
 
 
 Appendix F (continued): Notorhynchus cepidanus 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 0.67 0.36 14.43 15.78 5.55 49.00 9.98 0.68 6.50 3.83 2.50 82.88
SD 0.19 0.10 4.93 5.13 2.72 4.29 3.68 0.31 3.89 1.73 1.37 7.85
Mean 0.63 0.34 17.03 17.40 6.77 46.67 12.33 0.97 11.90 5.17 3.20 78.60
SD 0.13 0.03 6.04 5.20 0.85 5.85 1.19 0.09 0.72 0.65 0.26 6.56
Mean 0.59 0.33 16.70 16.78 5.75 49.83 10.20 0.95 9.88 4.90 2.80 79.95
SD 0.09 0.07 6.41 6.05 2.73 6.73 3.64 0.11 3.90 2.18 1.07 6.58
Mean 0.37 0.36 15.90 16.18 5.65 53.43 9.88 0.97 10.08 135.88 2.28 75.63
SD 0.27 0.07 5.47 5.15 2.13 11.29 2.69 0.29 4.46 263.42 1.07 7.06
Mean 0.16 6.47 5.03 0.77 1.93 1.45 2.77
SD 0.09 4.59 1.65 0.15 0.59 0.81 1.43
Mean 0.19 3.90 4.25 0.70 2.15 0.96 2.05
SD 0.03 1.41 1.34 0.14 0.78 0.05 0.64
Mean 1.95 2.04 4.13 4.77 5.60 5.70 0.90 5.45 2.20 4.30 170.90
SD 0.69 2.72 2.40 3.54 2.83 0.21 3.75
Mean 1.45 1.08 6.50 8.07 6.90 59.40 5.97 1.45 8.37 3.60 4.90 109.43
SD 0.28 0.20 3.46 3.05 3.38 23.05 3.00 0.27 4.13 2.00 2.01 20.36
Mean 1.21 0.66 10.33 9.40 6.43 76.57 6.63 1.41 9.23 3.50 4.13 103.93
SD 0.10 0.12 5.06 5.07 2.45 4.41 3.67 0.08 4.98 1.82 2.04 8.83
Mean 1.11 0.71 9.13 10.67 5.05 70.10 5.10 1.52 7.75 4.40 4.90 100.00
SD 0.04 5.03 4.77 3.61 3.39 0.00 5.16
Mean 0.63 0.46 13.30 12.95 6.05 60.80 8.15 1.15 8.95 4.20 2.65 84.95
SD 0.33 0.09 1.13 0.07 0.64 5.23 1.91 0.43 1.34 0.14 1.48 7.14
Mean 0.89 0.26 8.50 8.75 2.45 61.70 5.05 0.77 3.75 4.50 4.00 87.00
SD 0.09 4.81 5.30 2.05 2.90 0.09 1.77
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Notorhynchus cepidanus 
 
BO
Mean -5.35
SD 4.66
Mean -7.00
SD 6.74
Mean 0.00
SD 0.00
Mean -44.81
SD 26.44
Mean -16.39
SD 4.02
Mean 6.67
SD 9.43
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 0.65 0.35 47.83 0.82 80.74
Lower, 4-5 0.48 0.34 51.63 0.96 77.79
Lower 7-8 0.17 1.21
Upper, 1-2 1.70 1.56 59.40 1.18 140.17
Upper, 4-5 1.16 0.68 73.33 1.46 101.97
Upper, 7-8 0.76 0.36 61.25 0.96 85.98  
 
 Appendix F (continued): Echinorhinus cookei 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 0.42 0.46 9.27 11.10 4.23 67.63 5.83 1.59 7.47 5.73 2.43 92.43
SD 0.03 0.07 1.27 3.22 0.95 12.67 2.39 1.15 4.55 1.02 0.59 14.40
Mean 0.43 0.49 9.93 11.13 4.87 70.07 6.17 1.30 7.30 6.63 2.87 99.50
SD 0.07 0.07 2.53 2.24 1.46 2.87 1.74 0.72 3.34 0.49 0.65 9.62
Mean 0.38 0.42 10.73 11.47 4.43 62.43 6.53 1.63 8.50 7.00 2.63 89.93
SD 0.05 0.06 2.58 2.83 0.86 5.35 3.20 1.08 4.81 1.25 0.15 3.04
Mean 0.42 0.39 10.13 11.33 3.87 58.07 5.73 1.77 7.53 6.20 2.60 86.83
SD 0.02 0.09 2.32 2.87 0.42 4.86 3.05 1.28 3.72 0.90 0.26 8.22
Mean 0.35 0.38 9.83 10.53 3.70 51.70 5.03 2.01 7.00 6.97 2.40 77.33
SD 0.03 0.06 2.02 1.96 0.66 4.78 3.09 1.59 4.49 1.25 0.26 2.31
Mean 0.37 0.38 9.23 10.17 3.53 56.23 4.47 1.89 6.30 5.35 2.07 80.83
SD 0.09 0.05 1.01 1.23 0.84 11.42 2.29 1.40 3.86 0.35 0.32 6.91
Mean 0.49 0.41 11.25 12.13 4.40 64.47 5.93 1.58 7.80 5.93 2.93 102.90
SD 0.06 0.10 1.25 1.58 1.04 12.97 2.38 0.99 3.25 0.70 0.50 10.34
Mean 0.39 0.40 11.65 12.13 4.68 65.35 237.28 1.56 8.68 7.05 2.73 100.40
SD 0.10 0.06 1.04 1.37 0.57 14.96 464.48 1.08 3.27 0.88 0.60 16.49
Mean 0.47 0.44 11.13 11.95 4.80 55.05 5.68 1.84 8.43 8.03 3.85 94.25
SD 0.07 0.06 2.08 2.30 0.82 10.87 2.62 1.02 3.43 2.91 1.84 13.61
Mean 0.38 0.46 10.98 243.98 4.77 53.13 6.27 1.50 7.33 6.73 2.60 105.27
SD 0.06 0.01 2.34 462.69 1.16 9.91 2.93 1.08 4.05 0.49 0.62 25.71
Mean 0.38 0.47 10.28 11.70 4.70 55.60 6.23 1.44 7.17 6.43 2.47 87.23
SD 0.07 0.07 1.08 1.82 1.13 23.51 2.71 1.01 3.49 0.06 0.40 20.64
Mean 0.37 0.41 10.30 11.55 4.13 45.87 6.20 1.45 7.57 6.27 2.33 79.80
SD 0.04 0.06 2.16 2.00 1.47 10.00 2.25 0.97 3.73 0.49 0.12 10.41
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Echinorhinus cookei 
 
BO
Mean -13.37
SD 18.90
Mean -12.57
SD 13.15
Mean -6.03
SD 10.44
Mean -4.46
SD 5.30
Mean -3.12
SD 6.04
Mean -3.59
SD 7.18
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 0.43 0.47 68.85 1.44 95.97
Lower, 4-5 0.40 0.41 60.25 1.70 88.38
Lower 7-8 0.36 0.38 53.97 1.95 79.08
Upper, 1-2 0.44 0.41 64.91 1.57 101.65
Upper, 4-5 0.43 0.45 54.09 1.67 99.76
Upper, 7-8 0.38 0.44 50.73 1.45 83.52  
 
 Appendix F (continued): Scymnodon ringens 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.86 1.99 4.00 3.65 7.60 97.60 7.80 0.98 7.60 4.40 8.20 131.20
SD 0.01 0.56 1.27 0.35 0.28 15.84 0.71 0.05 0.28 0.85 1.56 8.91
Mean 1.79 1.56 5.25 4.70 8.15 95.25 8.85 0.93 8.20 4.55 8.10 136.30
SD 0.14 0.15 0.35 0.85 0.21 21.14 0.07 0.01 0.00 0.35 0.00 8.91
Mean 1.69 1.42 4.80 4.35 7.40 123.10 7.80 0.95 7.40 3.60 6.10 143.10
SD 0.57 0.78
Mean 1.53 1.46 5.10 5.40 7.30 84.50 7.20 0.96 6.95 4.20 6.45 140.60
SD 0.07 0.37 0.71 0.71 0.85 4.81 0.85 0.07 1.34 0.14 0.49 27.58
Mean 1.21 0.92 5.60 4.80 5.60 84.70 5.60 1.02 5.70 4.30 5.20 151.20
SD 0.71 0.57
Mean 1.19 1.02 5.25 5.25 5.25 107.45 5.25 1.17 6.15 4.05 4.80 133.45
SD 0.09 0.27 0.64 0.35 0.78 0.49 0.64 0.06 1.06 0.07 0.28 4.45
Mean 2.67 2.37 1.40 1.85 3.25 3.25 1.03 3.35 1.10 3.00 162.20
SD 0.47 0.90 0.14 0.49 0.92 0.92 0.01 0.92 0.28 1.27 24.47
Mean 2.53 2.24 1.65 1.80 3.75 3.90 1.09 4.20 1.40 3.55 166.60
SD 0.04 0.44 0.21 0.14 1.20 1.41 0.07 1.27 0.57 1.48 18.95
Mean 3.53 16.28 2.15 2.25 37.05 5.40 1.04 5.65 1.45 5.15 165.10
SD 0.31 19.41 0.21 0.07 45.18 0.42 0.04 0.64 0.21 1.20 9.62
Mean 2.47 0.48 1.85 2.25 1.10 4.20 1.05 4.40 1.50 3.70 142.10
SD 0.64 0.35
Mean 3.92 3.60 1.90 3.30 5.40 6.10 1.02 6.20 1.30 5.10 167.90
SD 0.57 0.14
Mean 3.33 5.10 1.00 2.80 5.10 4.30 1.16 5.00 1.50 5.00 163.70
SD
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Scymnodon ringens 
 
BO
Mean 29.29
SD 7.60
Mean 31.81
SD 4.58
Mean 28.91
SD 4.83
Mean 39.02
SD 55.19
Mean 0.00
SD 0.00
Mean 0.00
SD 0.00
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.82 1.77 96.43 0.95 133.75
Lower, 4-5 1.61 1.44 103.80 0.95 141.85
Lower 7-8 1.20 0.97 96.08 1.09 142.33
Upper, 1-2 2.60 2.31 0.00 1.06 164.40
Upper, 4-5 3.00 8.38 0.00 1.05 153.60
Upper, 7-8 3.63 4.35 0.00 1.09 165.80  
 
 Appendix F (continued): Somniosus microcephalus 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 0.37 0.46 6.10 6.37 2.77 56.00 2.50 2.23 5.33 4.10 1.53 89.93
SD 0.06 0.12 0.53 0.21 0.55 0.75 0.49 0.57 0.36 0.35 12.72
Mean 0.38 0.36 6.37 6.87 2.27 47.10 2.47 2.45 6.00 4.13 1.60 77.30
SD 0.08 0.02 0.47 0.50 0.25 0.31 0.24 0.26 0.31 0.46 4.55
Mean 0.36 0.33 7.40 7.80 2.43 34.30 2.40 2.56 6.13 4.83 1.73 71.00
SD 0.08 0.02 0.36 0.35 0.21 0.10 0.07 0.21 0.15 0.40 3.98
Mean 0.37 0.30 7.07 7.47 2.10 45.30 2.70 2.25 6.00 4.53 1.67 80.10
SD 0.08 0.04 0.45 0.70 0.17 0.40 0.32 0.20 0.38 0.35 5.14
Mean 0.34 0.32 7.17 7.80 2.27 50.60 2.13 3.40 6.47 4.40 1.50 82.20
SD 0.06 0.03 0.31 0.66 0.21 0.72 1.65 0.51 0.26 0.20 5.81
Mean 0.30 0.33 7.25 7.20 2.40 41.10 2.60 2.44 6.25 4.50 1.35 72.10
SD 0.03 0.03 0.64 0.14 0.00 0.28 0.67 1.06 0.14 0.07 11.31
Mean 1.56 1.66 2.60 3.13 4.43 4.37 1.16 4.77 2.10 3.33 150.17
SD 0.15 0.41 0.44 0.68 1.68 1.33 0.37 0.72 0.69 1.44 33.85
Mean 1.63 1.80 2.30 2.93 4.07 4.10 1.07 4.17 1.93 3.20 148.10
SD 0.32 0.35 0.53 0.90 0.76 1.30 0.26 0.40 0.42 1.23 19.87
Mean 1.55 1.67 2.47 3.47 4.07 4.03 1.15 4.53 2.03 3.13 151.60
SD 0.12 0.50 0.72 0.91 1.27 1.40 0.12 1.16 0.84 1.21 22.66
Mean 1.43 1.57 2.50 3.67 3.97 4.17 1.08 4.47 2.23 3.23 158.10
SD 0.09 0.12 0.44 1.11 0.95 0.91 0.07 0.96 0.68 1.21 14.92
Mean 1.04 1.34 2.90 3.43 3.35 3.55 1.00 3.55 1.90 1.95 148.35
SD 0.26 0.29 0.70 0.67 0.07 0.07 0.00 0.07 0.14 0.35 0.21
Mean 1.44 1.86 2.87 3.20 5.30 4.20 1.13 4.70 2.45 3.60 151.00
SD 0.29 0.37 0.32 0.26 1.84 0.85 0.13 0.42 0.49 1.41 36.06
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Somniosus microcephalus 
 
BO
Mean 25.56
SD 7.03
Mean 21.86
SD 2.25
Mean 31.32
SD 2.25
Mean -6.09
SD 43.36
Mean -4.32
SD 33.72
Mean -13.10
SD 22.68
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 0.38 0.41 51.55 2.34 83.62
Lower, 4-5 0.36 0.31 39.80 2.40 75.55
Lower 7-8 0.32 0.32 45.85 2.92 77.15
Upper, 1-2 1.59 1.73 0.00 1.12 149.13
Upper, 4-5 1.49 1.62 0.00 1.11 154.85
Upper, 7-8 1.24 1.60 0.00 1.07 149.68  
 
 Appendix F (continued): Aculeola nigra 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean
SD
Mean 1.75 1.71 0.70 0.80 1.20 0.00 1.20 1.00 1.20 0.40 0.70 167.60
SD
Mean 1.83 1.88 0.55 0.80 1.05 0.00 1.05 1.13 1.15 0.50 0.95 176.10
SD 0.47 0.40 0.07 0.00 0.35 0.00 0.35 0.18 0.21 0.14 0.49 5.52
Mean 1.90 1.61 0.60 0.65 0.95 0.00 1.00 1.06 1.05 0.45 0.85 146.45
SD 0.14 0.26 0.14 0.21 0.07 0.00 0.14 0.08 0.07 0.07 0.07 9.97
Mean 2.00 1.83 0.55 0.70 1.00 0.00 1.05 1.00 1.05 0.45 0.85 167.50
SD 0.47 0.24 0.07 0.14 0.00 0.00 0.07 0.00 0.07 0.21 0.21 17.68
Mean 2.33 1.33 0.60 0.70 0.80 0.00 0.80 1.13 0.90 0.30 0.70 151.90
SD
Mean 1.67 1.33 0.60 0.70 0.80 0.00 0.90 1.00 0.90 0.30 0.50 165.30
SD
Mean 1.75 1.54 0.50 0.75 0.75 0.00 0.80 1.06 0.85 0.35 0.60 162.35
SD 0.35 0.29 0.14 0.07 0.07 0.00 0.00 0.09 0.07 0.07 0.00 19.02
Mean
SD
Mean 1.83 1.83 0.60 0.80 1.10 0.00 1.20 0.92 1.10 0.60 1.10 179.20
SD
Mean
SD
Mean
SD
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Aculeola nigra 
 
 
BO
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.75 1.71 0.00 1.00 167.60
Lower, 4-5 1.87 1.75 0.00 1.09 161.28
Lower 7-8 2.17 1.58 0.00 1.06 159.70
Upper, 1-2 1.71 1.44 0.00 1.03 163.83
Upper, 4-5 1.83 1.83 0.00 0.92 179.20
Upper, 7-8  
 
 Appendix F (continued): Etmopterus virens 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 0.24 1.54 0.77 1.27 0.60 49.67 0.33 2.94 0.97 0.70 0.17 71.10
SD 0.04 2.13 0.42 0.25 0.52 18.84 0.06 0.63 0.15 0.20 0.06 11.22
Mean 0.23 0.28 1.30 1.45 0.35 55.95 0.40 3.07 1.20 0.90 0.20 87.50
SD 0.04 0.04 0.42 0.49 0.07 19.02 0.14 0.38 0.28 0.14 0.00 19.37
Mean 0.32 0.37 1.10 1.20 0.40 71.40 0.43 2.40 1.03 0.83 0.27 101.07
SD 0.03 0.03 0.10 0.10 0.00 28.28 0.06 0.17 0.06 0.12 0.06 32.63
Mean 0.28 0.31 1.15 1.25 0.35 57.45 0.45 2.28 1.00 0.75 0.20 86.40
SD 0.08 0.08 0.07 0.07 0.07 5.30 0.07 0.67 0.14 0.21 0.00 7.50
Mean 0.25 0.33 1.20 1.25 0.40 58.85 0.40 2.93 1.10 0.80 0.20 84.80
SD 0.00 0.12 0.00 0.07 0.14 17.32 0.14 1.04 0.00 0.00 0.00 30.12
Mean 0.33 0.34 1.15 1.25 0.40 57.40 0.45 2.35 1.05 0.75 0.25 82.60
SD 0.06 0.10 0.07 0.21 0.14 14.71 0.07 0.21 0.07 0.07 0.07 12.87
Mean 1.03 0.66 0.63 0.75 0.40 79.37 0.50 1.07 0.53 0.30 0.30 128.37
SD 0.29 0.15 0.15 0.07 0.00 27.80 0.00 0.23 0.12 0.10 0.10 24.06
Mean 0.75 0.50 1.00 0.50 85.60 0.70 1.00 0.70 0.40 0.30 129.80
SD
Mean 1.33 0.83 0.60 0.80 0.50 76.10 0.50 1.20 0.60 0.30 0.40 140.10
SD
Mean
SD
Mean 1.67 0.83 0.60 0.70 0.50 78.50 0.60 1.00 0.60 0.30 0.50 135.20
SD
Mean
SD
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Etmopterus virens 
 
BO
Mean 23.38
SD 7.35
Mean 24.04
SD 1.36
Mean 34.78
SD
Mean
SD
Mean
SD
Mean
SD
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 0.23 0.91 52.81 3.01 79.30
Lower, 4-5 0.30 0.34 64.43 2.34 93.73
Lower 7-8 0.29 0.34 58.13 2.64 83.70
Upper, 1-2 0.89 0.58 82.48 1.03 129.08
Upper, 4-5 1.33 0.83 76.10 1.20 140.10
Upper, 7-8 1.67 0.83 78.50 135.20  
 
 
 Appendix F (continued): Etmopterus lucifer 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 0.33 0.32 1.63 1.87 0.50 50.63 0.63 2.61 1.37 0.93 0.30 77.50
SD 0.04 0.16 0.51 0.46 0.17 3.21 0.35 1.27 0.15 0.12 0.00 5.86
Mean 0.27 0.29 1.83 2.00 0.53 63.77 0.60 2.97 1.73 1.27 0.33 85.97
SD 0.11 0.04 0.31 0.30 0.15 6.12 0.17 0.57 0.31 0.23 0.15 6.11
Mean 0.36 0.29 1.93 2.20 0.57 57.00 0.63 3.09 1.90 1.20 0.43 81.87
SD 0.13 0.04 0.21 0.35 0.12 3.68 0.15 0.55 0.10 0.00 0.15 12.06
Mean 0.26 0.29 2.03 2.27 0.60 59.03 0.63 3.05 1.93 1.30 0.33 88.33
SD 0.03 0.04 0.15 0.31 0.10 10.24 0.06 0.19 0.25 0.10 0.06 18.79
Mean 0.32 0.37 1.90 2.15 0.70 60.90 0.70 2.79 1.95 1.40 0.45 100.75
SD 0.01 0.05 0.14 0.21 0.14 3.54 0.14 0.06 0.35 0.28 0.07 10.82
Mean 0.56 0.40 1.50 1.90 0.60 59.60 0.70 2.00 1.40 0.90 0.50 88.90
SD
Mean 1.88 1.07 1.03 1.17 1.10 57.10 1.13 1.03 1.17 0.47 0.87 143.93
SD 0.11 0.22 0.06 0.06 0.17 3.83 0.21 0.05 0.23 0.15 0.25 10.42
Mean 1.63 1.19 1.00 1.10 1.13 73.93 1.20 1.06 1.27 0.57 0.90 147.37
SD 0.30 0.34 0.26 0.26 0.06 14.35 0.00 0.13 0.15 0.12 0.00 11.05
Mean 1.86 1.00 1.23 1.30 1.23 57.90 1.30 1.08 1.40 0.57 1.03 133.17
SD 0.48 0.14 0.06 0.00 0.15 5.27 0.10 0.01 0.10 0.06 0.15 7.86
Mean 1.90 0.92 1.20 1.40 1.10 49.35 1.20 1.08 1.30 0.55 1.05 112.40
SD 0.14 0.01 0.14 0.14 7.85 0.14 0.01 0.14 0.07 0.21 1.98
Mean 1.25 1.00 1.20 1.20 51.70 1.40 0.93 1.30 0.80 1.00 128.00
SD
Mean 1.00 0.75 1.20 1.20 0.90 50.20 1.10 1.09 1.20 0.80 0.80 119.20
SD
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Etmopterus lucifer 
 
BO
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 0.30 0.31 57.20 2.79 81.73
Lower, 4-5 0.31 0.29 58.02 3.07 85.10
Lower 7-8 0.44 0.38 60.25 2.40 94.83
Upper, 1-2 1.75 1.13 65.52 1.04 145.65
Upper, 4-5 1.88 0.96 53.63 1.08 122.78
Upper, 7-8 1.13 0.88 50.95 1.01 123.60  
 
 Appendix F (continued): Oxynotus bruniensis 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 0.62 0.73 3 3.3 2.2 111.3 2.5 1.08 2.7 2.1 1.3 164.3
SD
Mean 0.58 0.7 2.3 2.4 1.6 116.1 2 1.05 2.1 1.7 1 166.9
SD
Mean 0.53 0.61 2.3 2.5 1.4 95 1.5 1.67 2.5 0.9 144.6
SD
Mean
SD
Mean
SD
Mean
SD
Mean 1.25 1.27 1.1 1.3 1.4 0 1.5 1 1.5 0.8 1 158.8
SD
Mean 1.67 1.13 0.8 1 0.9 0 1 1.1 1.1 0.6 0.7 175
SD
Mean 0.9 0.9
SD
Mean
SD
Mean
SD
Mean
SD
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
 
323
 
 Appendix F (continued): Oxynotus bruniensis 
 
BO
Mean 21.05
SD
Mean 64.00
SD
Mean
SD
Mean 17.39
SD
Mean
SD
Mean
SD
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.21 0.71 113.70 1.07 165.60
Lower, 4-5 0.61 95.00 1.67 144.60
Lower 7-8
Upper, 1-2 0.60 1.20 0.00 1.05 166.90
Upper, 4-5 0.53
Upper, 7-8  
 
 Appendix F (continued): Dalatias licha 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.20 1.38 5.14 5.46 6.94 109.00 6.54 1.07 6.96 4.80 5.65 145.60
SD 0.20 0.24 0.75 0.64 0.62 29.47 0.62 0.20 1.02 0.75 0.57 8.27
Mean 1.37 1.40 5.16 111.58 7.05 116.35 6.40 1.20 7.58 4.10 5.60 143.25
SD 0.09 0.31 0.88 235.58 0.66 8.41 0.78 0.20 0.61 0.28 0.00 12.52
Mean 1.36 1.11 5.43 5.88 6.07 109.15 6.53 1.05 6.87 4.90 6.65 126.60
SD 0.05 0.08 0.32 0.92 0.70 8.98 0.40 0.07 0.57 0.14 0.07 13.44
Mean 1.19 1.10 5.23 5.37 5.75 116.40 6.35 1.03 6.50 4.35 5.10 137.40
SD 0.21 0.07 0.12 0.32 0.49 3.82 0.78 0.17 0.28 0.64 0.14 9.19
Mean 1.09 0.95 4.93 5.10 4.67 99.47 4.50 1.23 5.50 3.97 4.33 93.47
SD 0.11 0.08 0.60 0.36 0.35 16.21 0.52 0.16 0.26 0.15 0.51 70.64
Mean 1.07 0.96 4.20 4.60 4.03 89.87 3.67 1.45 5.27 3.43 3.67 119.30
SD 0.02 0.07 0.20 0.10 0.15 5.35 0.15 0.45 1.42 0.12 0.15 12.06
Mean 2.70 2.09 1.88 3.35 3.83 0.00 4.63 1.11 5.03 1.13 2.93 164.70
SD 0.61 0.36 0.44 0.81 0.54 0.00 2.03 0.12 1.79 0.32 0.21 17.90
Mean 2.15 2.73 1.98 3.10 4.68 0.00 4.43 1.15 5.05 1.60 3.33 140.63
SD 0.60 1.38 0.68 0.34 0.54 0.00 0.57 0.14 0.41 0.30 0.40 23.63
Mean 1.48 1.64 2.90 3.53 4.60 0.00 4.53 1.43 6.33 1.87 2.67 131.83
SD 0.52 0.16 0.41 0.59 0.62 0.00 0.80 0.32 0.23 0.25 0.61 24.44
Mean 1.32 1.47 2.85 3.60 3.97 0.00 3.87 1.32 5.13 1.87 2.47 138.33
SD 0.23 0.42 0.44 0.32 0.61 0.00 0.46 0.20 1.03 0.25 0.57 5.83
Mean 1.22 1.05 3.10 3.63 3.23 0.00 3.33 1.60 5.23 1.93 2.20 119.27
SD 0.54 0.27 0.20 0.65 0.81 0.00 0.67 0.34 0.81 0.55 0.66 17.58
Mean 0.90 0.80 3.05 4.20 2.40 0.00 2.65 1.85 4.95 2.00 1.70 107.80
SD 0.24 0.10 0.92 0.71 0.42 0.00 0.49 0.22 1.48 0.85 0.28 4.38
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Dalatias licha 
 
BO
Mean 18.87
SD 10.67
Mean 25.70
SD 6.03
Mean 21.32
SD 3.23
Mean -12.12
SD 27.10
Mean 0.00
SD 0.00
Mean 4.44
SD 7.70
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.28 1.39 112.68 1.14 144.43
Lower, 4-5 1.27 1.11 112.78 1.04 132.00
Lower 7-8 1.08 0.96 94.67 1.34 106.38
Upper, 1-2 2.42 2.41 0.00 1.13 152.67
Upper, 4-5 1.40 1.55 0.00 1.38 135.08
Upper, 7-8 1.06 0.92 0.00 1.73 113.53  
 
 Appendix F (continued): Centrophorus granulosus 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 0.40 0.44 5.50 5.50 2.40 85.25 2.80 1.71 4.80 3.15 1.25 108.95
SD 0.00 0.03 0.42 0.00 0.00 1.34 0.14 0.01 0.28 0.21 0.07 10.25
Mean 0.41 0.36 4.87 3.43 1.80 83.17 2.43 1.60 3.93 2.90 1.17 106.60
SD 0.05 0.04 1.21 2.30 0.62 10.09 0.60 0.21 1.25 0.98 0.40 6.89
Mean 0.35 0.37 4.58 5.25 1.65 90.18 2.03 1.98 4.00 2.95 1.03 117.75
SD 0.06 0.07 0.69 0.35 0.13 6.74 0.13 0.26 0.42 0.53 0.19 9.42
Mean 0.43 0.38 4.68 5.18 1.75 71.45 2.18 1.68 3.55 2.80 1.20 95.75
SD 0.09 0.07 0.58 0.29 0.31 7.41 0.29 0.64 1.23 0.35 0.26 6.15
Mean 0.51 0.39 5.03 5.27 1.97 80.30 2.37 1.88 4.40 2.70 1.37 99.90
SD 0.12 0.10 0.45 0.40 0.49 5.73 0.45 0.13 0.56 0.17 0.32 9.58
Mean 0.29 0.28 4.30 4.60 1.20 70.95 1.50 2.27 3.40 2.80 0.80 96.30
SD 2.76
Mean 1.09 0.79 1.80 1.98 1.40 0.00 1.68 1.02 1.72 0.90 0.98 145.76
SD 0.15 0.14 0.33 0.25 0.23 0.00 0.19 0.19 0.37 0.10 0.18 14.64
Mean 1.08 0.87 1.70 2.10 1.43 0.00 1.60 1.05 1.67 0.93 1.00 151.53
SD 0.23 0.22 0.40 0.28 0.23 0.00 0.26 0.13 0.23 0.06 0.17 18.03
Mean 1.10 0.81 1.88 2.43 1.43 140.20 1.63 1.13 1.83 0.90 0.95 158.03
SD 0.29 0.33 0.54 0.52 0.46 0.42 0.08 0.41 0.35 0.37 13.46
Mean 0.89 0.64 2.43 2.73 1.47 127.00 1.90 1.05 2.00 1.10 0.93 159.87
SD 0.28 0.20 0.72 0.55 0.06 0.30 0.09 0.35 0.26 0.12 12.99
Mean 1.00 0.73 2.47 2.77 1.73 137.40 2.03 0.92 1.56 1.33 1.27 148.23
SD 0.43 0.32 0.50 0.40 0.68 26.30 0.67 0.71 1.11 0.25 0.45 20.10
Mean 0.99 0.77 2.55 3.00 2.00 118.00 2.40 1.06 2.45 1.60 1.60 139.39
SD 0.27 0.08 0.64 0.57 0.71 0.99 0.17 0.64 0.14 0.57 8.37
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Centrophorus granulosus 
 
BO
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Mean
SD
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 0.40 0.40 84.21 1.66 107.78
Lower, 4-5 0.39 0.37 80.81 1.83 106.75
Lower 7-8 0.40 0.34 75.63 2.07 98.10
Upper, 1-2 1.08 0.83 -9999.00 1.04 148.65
Upper, 4-5 1.00 0.73 133.60 1.09 158.95
Upper, 7-8 0.99 0.75 127.70 0.99 143.81  
 
 Appendix F (continued): Squalus acanthias 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 0.48 0.44 2.34 2.44 1.02 68.86 1.14 1.95 2.22 1.32 0.62 108.58
SD 0.10 0.09 0.33 0.35 0.13 12.14 0.05 0.30 0.33 0.22 0.04 16.32
Mean 0.40 0.36 7.66 2.72 1.12 72.62 1.16 2.11 2.42 1.56 0.60 110.38
SD 0.11 0.18 11.37 0.28 0.08 19.99 0.11 0.37 0.27 0.23 0.10 13.49
Mean 0.38 0.39 2.90 2.98 1.14 66.74 1.22 2.28 2.76 1.92 0.72 110.94
SD 0.09 0.06 0.25 0.30 0.21 17.23 0.18 0.36 0.38 0.32 0.16 11.96
Mean 0.34 0.35 2.90 3.04 1.00 68.78 1.12 2.50 2.70 1.88 0.64 104.52
SD 0.11 0.09 0.20 0.34 0.25 17.35 0.25 0.58 0.28 0.04 0.21 15.09
Mean 0.36 0.35 2.90 3.06 1.00 71.56 1.08 2.56 2.70 1.88 0.64 102.34
SD 0.11 0.06 0.21 0.32 0.16 9.87 0.16 0.59 0.36 0.41 0.11 14.20
Mean 0.34 0.34 2.72 2.84 0.92 77.75 1.04 2.40 2.48 1.84 0.62 107.04
SD 0.06 0.04 0.11 0.09 0.13 3.87 0.11 0.21 0.20 0.15 0.13 10.53
Mean 0.54 0.47 1.83 2.00 0.85 89.85 1.13 1.44 1.48 1.25 0.65 121.23
SD 0.14 0.09 0.26 0.34 0.10 12.85 0.34 0.60 0.37 0.25 0.06 17.11
Mean 0.60 0.48 1.90 2.05 0.90 79.80 1.18 1.43 1.55 1.10 0.65 127.50
SD 0.09 0.11 0.08 0.17 0.18 10.26 0.36 0.49 0.24 0.22 0.13 17.34
Mean 0.53 0.46 2.06 2.24 0.94 80.58 1.06 1.79 1.84 1.20 0.62 118.12
SD 0.08 0.09 0.22 0.27 0.17 13.71 0.19 0.38 0.17 0.19 0.04 16.39
Mean 0.51 0.43 2.15 2.30 0.93 87.73 1.08 1.78 1.85 1.18 0.60 119.93
SD 0.07 0.08 0.19 0.08 0.21 13.05 0.26 0.36 0.21 0.19 0.14 12.53
Mean 0.46 0.40 2.15 2.28 0.85 80.40 0.95 2.13 1.93 1.28 0.58 107.20
SD 0.09 0.10 0.21 0.13 0.24 16.50 0.26 0.49 0.10 0.17 0.10 14.47
Mean 0.37 0.39 2.20 2.34 0.86 71.20 1.22 1.88 1.76 1.45 0.56 107.96
SD 0.15 0.10 0.23 0.23 0.21 13.54 0.66 1.06 0.44 0.21 0.15 15.40
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
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 Appendix F (continued): Squalus acanthias 
 
BO
Mean 22.43
SD 1.19
Mean 20.43
SD 3.35
Mean 19.14
SD 6.31
Mean 18.61
SD 2.52
Mean 19.55
SD 2.19
Mean 18.06
SD 4.40
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 0.44 0.40 70.74 2.03 109.48
Lower, 4-5 0.36 0.37 67.76 2.39 107.73
Lower 7-8 0.35 0.34 74.66 2.48 104.69
Upper, 1-2 0.57 0.47 84.83 1.44 124.36
Upper, 4-5 0.52 0.45 84.15 1.78 119.02
Upper, 7-8 0.41 0.39 75.80 2.00 107.58  
 
 Appendix F (continued): Squatina dumeril 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.62 1.63 2.40 4.30 3.90 0.00 4.80 0.94 4.50 2.10 3.40 147.30
SD
Mean 1.25 0.97 4.55 6.25 3.70 0.00 6.00 1.00 6.05 4.35 4.30 144.05
SD 0.72 0.65 2.19 2.05 0.85 0.00 1.70 0.03 1.91 3.18 0.85 5.16
Mean 1.27 0.84 4.70 6.90 3.90 0.00 4.30 1.19 5.15 2.60 3.30 129.05
SD 0.12 0.85 1.41 0.14 0.00 0.14 0.17 0.92 5.73
Mean 1.36 0.83 5.20 7.40 4.05 0.00 4.45 1.18 5.25 2.25 3.00 124.20
SD 0.16 0.24 2.12 1.56 0.49 0.00 0.92 0.03 1.20 0.78 0.71 4.38
Mean 1.50 0.70 4.60 5.80 3.20 0.00 4.50 0.80 3.60 1.60 2.40 137.60
SD
Mean 1.45 0.64 6.10 7.00 3.90 0.00 4.20 1.38 5.80 2.00 2.90 113.60
SD
Mean 1.29 1.11 3.70 5.00 3.50 0.00 3.65 1.23 4.40 1.55 2.00 151.90
SD 0.02 0.52 2.26 2.40 0.57 0.00 1.20 0.17 0.85 0.35 0.42 1.84
Mean 1.33 0.91 4.25 4.80 4.30 0.00 4.60 1.15 5.30 2.40 3.20 131.50
SD 0.64 0.85
Mean 1.09 0.93 3.95 6.45 3.50 0.00 3.50 1.45 4.90 2.30 2.55 125.00
SD 0.20 0.24 1.48 0.64 0.42 0.00 0.99 0.37 0.14 0.42 0.92 10.75
Mean 1.53 0.67 4.90 6.35 3.90 0.00 4.40 1.20 5.30 1.90 2.90 128.90
SD 1.27 0.21
Mean 1.45 0.87 4.25 6.55 3.35 0.00 4.10 1.00 3.90 1.75 2.50 135.70
SD 0.17 0.34 2.05 2.33 0.35 0.00 1.41 0.28 0.28 0.49 0.42 9.62
Mean 1.71 0.68 5.00 6.20 3.40 0.00 4.20 1.05 4.40 1.40 2.40 128.70
SD
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
 
331
 
 Appendix F (continued): Squatina dumeril 
 
BO
Mean -21.98
SD
Mean -26.55
SD 6.50
Mean
SD
Mean -10.67
SD 15.08
Mean -51.16
SD 12.08
Mean -9.72
SD
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.44 1.30 0.00 0.97 145.68
Lower, 4-5 1.31 0.83 0.00 1.19 126.63
Lower 7-8 1.48 0.67 0.00 1.09 125.60
Upper, 1-2 1.31 1.01 0.00 1.19 141.70
Upper, 4-5 1.31 0.80 0.00 1.33 126.95
Upper, 7-8 1.58 0.77 0.00 1.02 132.20  
 
 Appendix F (continued): Pristiophorus cirratum 
 
AAR CAR BCW BW CH CA DCL CI MCL NCW NH NA
Mean 1.2 0.5 2.8 3.2 1.4 0 2.3 0.83 1.9 1 1.2 134.3
SD
Mean 0.89 0.38 2.4 2.5 0.9 0 1.4 1.29 1.8 0.9 0.8 108.3
SD
Mean 0.9 0.48 2.5 2.8 1.2 0 1.7 1.18 2 1 0.9 123.1
SD
Mean 1.14 0.46 2.4 2.7 1.1 0 1.4 1.36 1.9 0.7 0.8 125.1
SD
Mean 1.2 0.44 1.8 1.9 0.8 0 1.2 1.08 1.3 0.5 0.6 138.2
SD
Mean
SD
Mean 1.08 0.58 3.1 3.6 1.8 0 2.4 0.96 2.3 1.2 1.3 136.5
SD
Mean 1 0.55 2.2 2.5 1.2 0 1.4 1.34 1.8 0.9 0.9 138.6
SD
Mean 0.91 0.67 2.3 2.7 1.3 0 1.7 1.12 1.9 1.1 1 135.4
SD
Mean 1.22 0.59 2.7 3.2 1.6 0 2 1.15 2.3 0.9 1.1 131.7
SD
Mean 1 0.63 1.9 2.2 1.2 0 1.4 1.21 1.7 0.7 0.7 136
SD
Mean 0.86 0.45 2 2.3 0.9 0 1.1 1.55 1.7 0.7 0.6 132.6
SD
Lower, 1
Lower, 2
Lower, 4
Lower, 5
Lower, 7
Lower, 8
Upper, 1
Upper, 8
Upper, 2
Upper, 4
Upper, 5
Upper, 7
 
333
 
 Appendix F (continued): Pristiophorus cirratum 
 
BO
Mean 14.04
SD
Mean 10.91
SD
Mean
SD
Mean 0
SD
Mean 0
SD
Mean 0
SD
Upper, 4-5
Upper, 7-8
Lower, 1-2
Lower, 4-5
Lower 7-8
Upper, 1-2
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AAR CAR CA CI NA
Lower, 1-2 1.04 0.79 0.00 1.06 121.30
Lower, 4-5 1.02 0.95 0.00 1.27 124.10
Lower 7-8 1.20 0.00 1.08 138.20
Upper, 1-2 1.04 0.80 0.00 1.15 137.55
Upper, 4-5 1.07 1.23 0.00 1.13 133.55
Upper, 7-8 0.93 1.00 0.00 1.38 134.30  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix G: 
 
Significant Habitat Variables from Evolutionary Analysis 
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 Appendix G: Abbreviations for Shape and Model can be found in Chapter 3. 
Subheadings under Variable are dummy variables of Habitat and Depth: BP= 
benthopelgic/not; P=pelgaic/not; O=oceanic/not; B=bathyal/not; CB=costal-bathyal/not; 
CO=costal-oceanic/not. A = anterior; P = posterior; Bold type = lowest AIC; * = p<0.05. 
 
Tooth Shape Model AIC Variable Slope df Partial-F t p
2, Upper AAR OLS 109.06
Habit 2, 35 1.11 0.341
BP -0.96 35 -1.40 0.170
P -0.67 35 -1.01 0.320
Depth 4, 35 0.79 0.540
O 0.31 35 -0.62 0.539
B 0.21 35 0.29 0.774
CB 0.77 35 4.44 >0.001*
CO 0.54 35 0.97 0.339
PGLS 105.07
Habit 2, 35 1.17 0.322
BP 0.59 35 -0.63 0.533
P 0.53 35 0.22 0.827
Depth 4, 35 1.24 0.312
O 0.45 35 1.17 0.250
B 0.64 35 0.44 0.663
CB 0.55 35 2.07 0.046*
CO 0.56 35 1.34 0.189
5, Upper AAR OLS 67.94
Habit 2,32 0.45 0.642
BP -0.40 32 -0.90 0.375
P 0.43 32 -0.94 0.354
Depth 4,32 2.14 0.099
O 0.32 32 0.68 0.501
B 0.47 32 -0.19 0.851
CB 0.36 32 2.14 0.040*
CO 0.38 32 1.63 0.113
PGLS 76.88
Habit 2,32 0.01 0.990
BP 0.01 32 0.04 0.968
P 0.04 32 0.09 0.929
Depth 4,32 0.86 0.498
O 0.28 32 0.81 0.424
B -0.06 32 -0.13 0.987
CB 0.72 32 1.61 0.117
CO 0.45 32 1.02 0.315  
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 Appendix G (continued): 
 
Tooth Shape Model AIC Variable Slope df Partial-F t p
Lower, 1 CAR OLS 120.50
Habit 2, 35 0.48 0.623
BP -0.77 35 -0.98 0.334
P -0.63 35 -0.83 0.412
Depth 4, 35 2.97 0.033*
O 0.13 35 0.23 0.820
B 2.86 35 3.41 0.002*
CB 0.75 35 0.02 0.984
CO -0.08 35 -0.12 0.905
PGLS 128.59
Habit 2, 35 0.04 0.961
BP -0.12 35 -0.02 0.984
P -0.17 35 -0.25 0.804
Depth 4, 35 3.56 0.015*
O 0.51 35 0.86 0.396
B 3.00 35 3.54 0.001*
CB 0.95 35 1.30 0.202
CO 0.34 35 0.45 0.656
Upper, 7 CI OLS 30.56
Habit 2,32 0.73 0.490
BP 0.00 32 0.12 0.905
P 0.19 32 0.73 0.471
Depth 4,32 2.83 0.037*
O 0.00 32 -0.04 0.968
B 0.03 32 0.90 0.375
CB -0.04 32 -1.88 0.069
CO -0.27 32 -1.10 0.280
PGLS 41.73
Habit 2,32 0.34 0.714
BP -0.23 32 -0.08 0.937
P -0.11 32 -0.45 0.656
Depth 4,32 1.05 0.397
O 0.10 32 0.47 0.642
B 0.19 32 0.63 0.533
CB -0.20 32 -0.74 0.465
CO -0.01 32 -0.29 0.774  
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 Appendix G (continued): 
 
Tooth Shape Model AIC Variable Slope df Partial-F t p
Upper, 5 NA OLS 398.99
Habit 2,32 0.01 0.990
BP 0.28 32 0.00 1.000
P -1.51 32 -0.01 0.992
Depth 4,32 1.75 0.163
O -5.91 32 -0.26 0.797
B 8.27 32 2.50 0.018*
CB -0.67 32 -0.01 0.992
CO 9.76 32 0.67 0.508
PGLS 414.95
Habit 2,32 0.07 0.933
BP -7.71 32 -0.22 0.827
P 0.15 32 0.00 1.000
Depth 4,32 1.48 0.231
O 20.25 32 -0.77 0.447
B 70.45 32 1.91 0.065
CB -19.52 32 -0.57 0.573
CO -12.00 32 -0.36 0.720
Upper, 7 NA OLS 398.75
Habit 2,32 4.03 0.028*
BP -80.74 32 -2.56 0.015*
P -84.77 32 -2.83 0.008*
Depth 4,32 2.73 0.046*
O 0.94 32 0.00 1.000
B -106.34 32 -3.22 <0.001*
CB 10.40 32 0.43 0.670
CO 9.34 32 0.34 0.736
PGLS 413.22
Habit 2,32 2.12 0.137
BP -67.76 32 -1.98 0.056
P -56.68 32 -1.91 0.650
Depth 4,32 2.74 0.046*
O -29.98 32 -1.17 0.251
B -115.60 32 -3.21 .0.003*
CB -19.18 32 -0.61 0.546
CO -32.54 32 -1.00 0.325
 338
 Appendix G (continued): 
 
Tooth Shape Model AIC Variable Slope df Partial-F t p
Lower, 7-8 BO OLS 324.86
Habit 2,28 0.43 0.655
BP 1.52 28 0.08 0.937
P 10.88 28 0.58 0.567
Depth 4,28 1.14 0.360
O 9.90 28 0.70 0.490
B 7.70 28 0.38 0.707
CB -9.99 28 -0.64 0.528
CO -3.10 28 -0.17 0.866
PGLS 311.14
Habit 2,28 0.70 0.505
BP -17.94 28 -1.11 0.276
P -46.90 28 -0.38 0.707
Depth 4,28 2.85 0.042*
O 3.39 28 0.33 0.074
B -1.30 28 -0.01 0.992
CB -23.47 28 -1.76 0.089
CO -16.52 28 -1.14 0.264
Upper, 4-5 BO OLS 292.46
Habit 2,27 3.47 0.046*
BP 21.99 27 1.60 0.121
P 32.12 27 2.44 0.022*
Depth 4,27 3.90 0.130*
O 7.82 27 0.79 0.436
B 34.64 27 2.40 0.024*
CB -15.83 27 -1.38 0.179
CO -5.68 27 -0.44 0.663
PGLS 291.73
Habit 2,27 5.21 0.012*
BP -2.25 27 -0.18 0.858
P 21.63 27 1.99 0.057
Depth 4,27 2.07 0.113
O 0.23 27 0.02 0.984
B 23.18 27 1.80 0.083
CB -14.75 27 -1.28 0.211
CO -4.55 27 -0.36 0.722  
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 Appendix G (continued): 
 
 
Tooth Shape Model AIC Variable Slope df Partial-F t p
A, Lower AAR OLS 133.54
Habit 2,36 0.50 0.611
BP -0.89 36 -1.00 0.324
P -0.73 36 -0.85 0.400
Depth 4,36 1.41 0.250
O 0.34 36 0.53 0.600
B 2.15 36 2.27 0.029*
CB 0.10 36 0.15 0.882
CO 0.19 36 0.26 0.796
PGLS 132.21
Habit 2,36 0.09 0.914
BP -0.28 36 -0.36 0.721
P -0.29 36 -0.41 0.684
Depth 4,36 2.52 0.058
O 0.71 36 1.18 0.246
B 2.21 36 2.58 0.014
CB 1.48 36 20.30 <0.001*
CO 1.19 36 1.59 0.121
A, Lower CAR OLS 107.33
Habit 2,36 0.62 0.544
BP -0.73 36 -1.12 0.270
P -0.63 36 -0.99 0.329
Depth 4,36 1.52 0.217
O 0.07 36 0.15 0.882
B 1.69 36 2.42 0.021*
CB -0.05 36 -0.10 0.921
CO -0.10 36 0.18 0.858
PGLS 113.11
Habit 2,36 0.03 0.971
BP -0.15 36 -0.23 0.819
P -0.10 36 -0.17 0.866
Depth 4,36 2.13 0.097
O 0.35 36 0.73 0.470
B 1.92 36 2.80 0.008*
CB 0.65 36 1.11 0.274
CO 0.50 36 0.83 0.412  
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 Appendix G (continued): 
 
Tooth Shape Model AIC Variable Slope df Partial-F t p
P, Lower CAR OLS 668.84
Habit 2,34 0.93 0.404
BP 28.82 34 0.44 0.663
P -14.44 34 -0.23 0.820
Depth 4,34 1.86 0.140
O 23.96 34 0.01 0.992
B -0.19 34 0.00 1.000
CB 144.16 34 0.28 0.781
CO -905.38 34 -1.67 0.104
PGLS 675.34
Habit 2,34 2.83 0.073
BP 828.65 34 1.26 0.216
P -138.68 34 -0.24 0.812
Depth 4,34 3.58 0.015*
O 354.36 34 0.72 0.476
B 190.62 34 0.27 0.789
CB 37.73 34 0.01 0.992
CO -1013.72 34 -1.64 0.110
P, Upper NA OLS 377.19
Habit 2,32 2.02 0.015
BP -42.46 32 -1.77 0.086
P -45.62 32 -2.00 0.054
Depth 4,32 1.80 0.153
O 1.44 32 0.01 0.992
B -65.24 32 -2.61 0.014*
CB 5.40 32 0.29 0.774
CO 9.95 32 0.47 0.612
PGLS 388.40
Habit 2,32 1.07 0.355
BP -36.40 32 -1.46 0.154
P -25.67 32 -1.19 0.243
Depth 4,32 1.67 0.181
O -21.00 32 -1.12 0.271
B -66.11 32 -2.53 0.017*
CB -20.66 32 -0.90 0.375
CO -25.81 32 -1.09 0.284  
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Appendix H: 
 
Significant Diet Variables from Evolutionary Analysis 
 342
 Appendix H: Abbreviations for Shape, Variable, and Model can be found in Chapter 3. 
A = anterior; L = lateral; P = posterior; Bold type = lowest AIC; * = p<0.05. 
 
Tooth Shape df Model AIC Variable Slope Partial-F p
5, Upper AAR 1,29 OLS 79.71 Elasmobranch 0.11 0.18 0.675
Teleost -0.12 0.66 0.427
Shrimp -0.10 0.13 0.721
Crab 0.04 0.02 0.889
Cephalopod 0.21 0.98 0.330
Worm 0.21 0.19 0.666
Hard Ech/Moll 0.22 0.19 0.666
Mammal 0.04 0.02 0.889
Turtle 0.50 1.07 0.310
PGLS 79.87 Elasmobranch 0.14 0.26 0.614
Teleost 0.12 0.14 0.711
Shrimp -0.01 0.00 1.000
Crab 0.08 0.09 0.766
Cephalopod 0.44 4.87 0.035*
Worm 0.35 0.77 0.387
Hard Ech/Moll 0.43 0.96 0.335
Mammal 0.49 2.66 0.114
Turtle 0.10 0.05 0.825
8, Upper CAR 1,32 OLS 442.67 Elasmobranch -31.21 3.00 0.093
Teleost -6.56 0.14 0.711
Shrimp -13.07 0.51 0.480
Crab 9.00 0.23 0.635
Cephalopod -9.13 0.40 0.532
Worm -70.78 4.24 0.048*
Hard Ech/Moll -34.73 1.02 0.320
Mammal 19.79 0.75 0.393
Turtle -4.73 0.02 0.888
PGLS 446.04 Elasmobranch -30.85 3.60 0.067
Teleost -2.86 0.03 0.864
Shrimp 7.00 0.15 0.701
Crab 0.88 0.00 1.000
Cephalopod -2.91 0.04 0.843
Worm -64.80 4.94 0.034*
Hard Ech/Moll -34.33 1.14 0.294
Mammal 46.89 4.50 0.042*
Turtle -36.80 1.47 0.234  
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 Appendix H (continued): 
 
Tooth Shape df Model AIC Variable Slope Partial-F p
1, Upper CA 1,31 OLS 438.58 Elasmobranch -40.59 4.22 0.049*
Teleost 28.18 2.36 0.135
Shrimp -31.67 2.59 0.118
Crab 11.76 0.56 0.460
Cephalopod -18.80 1.47 0.235
Worm -48.61 1.76 0.194
Hard Ech/Moll -25.83 0.51 0.481
Mammal 7.58 0.08 0.779
Turtle -8.77 0.06 0.808
PGLS 453.97 Elasmobranch -32.55 2.48 0.126
Teleost 22.37 1.15 0.292
Shrimp -2.80 0.01 0.921
Crab -9.08 0.20 0.658
Cephalopod -12.12 0.41 0.527
Worm -13.79 0.14 0.711
Hard Ech/Moll -39.83 0.97 0.332
Mammal 7.22 0.07 0.793
Turtle -13.88 0.13 0.721
2, Upper CA 1,31 OLS 423.09 Elasmobranch -33.60 4.25 0.048*
Teleost 28.53 3.53 0.070
Shrimp -25.63 2.23 0.146
Crab 0.66 0.00 1.000
Cephalopod -22.80 3.16 0.085
Worm -3.67 0.01 0.921
Hard Ech/Moll -14.98 0.25 0.621
Mammal 2.97 0.02 0.889
Turtle -7.63 0.06 0.808
PGLS 438.60 Elasmobranch -25.79 2.24 0.145
Teleost 29.46 2.89 0.099
Shrimp -10.47 0.31 0.582
Crab -1.45 0.01 0.921
Cephalopod -19.00 1.62 0.213
Worm 32.90 0.72 0.403
Hard Ech/Moll -10.22 0.09 0.766
Mammal 10.09 0.20 0.658
Turtle -22.15 0.49 0.489  
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 Appendix H (continued): 
 
Tooth Shape df Model AIC Variable Slope Partial-F p
5, Upper CA 1, 27 OLS 391.39 Elasmobranch -24.07 1.56 0.222
Teleost 15.22 0.56 0.461
Shrimp -11.12 0.24 0.628
Crab -0.86 0.00 1.000
Cephalopod -17.15 1.20 0.283
Worm -100.53 4.43 0.045*
Hard Ech/Moll -45.22 1.63 0.213
Mammal 1.05 0.00 1.000
Turtle -9.13 0.07 0.793
PGLS 403.97 Elasmobranch -1.17 0.00 1.000
Teleost 20.40 0.73 0.400
Shrimp 16.13 0.50 0.486
Crab -13.15 0.38 0.543
Cephalopod 2.34 0.02 0.889
Worm -56.94 1.72 0.201
Hard Ech/Moll -36.51 0.95 0.338
Mammal 7.84 0.09 0.767
Turtle -30.23 0.76 0.391
1, Lower CI 1,31 OLS 68.90 Elasmobranch 0.21 1.00 0.325
Teleost 0.02 0.01 0.921
Shrimp 0.03 0.02 0.889
Crab 0.16 0.52 0.476
Cephalopod -0.19 1.15 0.292
Worm -0.11 0.07 0.793
Hard Ech/Moll 0.10 0.05 0.825
Mammal -0.70 0.06 0.808
Turtle -0.23 0.32 0.576
PGLS 46.07 Elasmobranch 0.06 0.16 0.692
Teleost 0.10 0.44 0.512
Shrimp 0.05 0.11 0.742
Crab 0.15 0.92 0.345
Cephalopod -0.26 4.47 0.043*
Worm -0.32 1.57 0.220
Hard Ech/Moll -0.15 0.30 0.588
Mammal -0.27 1.95 0.173
Turtle -0.15 0.35 0.558  
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 Appendix H (continued): 
 
Tooth Shape df Model AIC Variable Slope Partial-F p
5, Upper CI 1,29 OLS 5.10 Elasmobranch -0.13 1.77 0.194
Teleost 0.65 30.58 <0.001*
Shrimp -0.12 1.26 0.271
Crab 0.14 1.82 0.188
Cephalopod -0.05 0.33 0.570
Worm 0.12 0.38 0.542
Hard Ech/Moll 0.39 4.12 0.052
Mammal 0.18 2.04 0.164
Turtle -0.14 0.54 0.469
PGLS 10.93 Elasmobranch -0.04 0.21 0.650
Teleost 0.51 15.17 <0.001*
Shrimp -0.25 5.69 0.024*
Crab 0.27 6.89 0.014*
Cephalopod -0.07 0.71 0.406
Worm 0.09 0.31 0.582
Hard Ech/Moll 0.49 7.31 0.011*
Mammal 0.19 2.39 0.133
Turtle -0.10 0.34 0.564
7, Upper CI 1,29 OLS 34.94 Elasmobranch -0.18 1.54 0.225
Teleost 0.26 2.89 0.100
Shrimp -0.38 5.00 0.033*
Crab 0.00 0.01 0.210
Cephalopod -0.07 0.30 0.588
Worm 0.42 1.28 0.267
Hard Ech/Moll 0.51 3.14 0.087
Mammal 0.26 1.94 0.174
Turtle -0.22 0.63 0.434
PGLS 35.85 Elasmobranch -0.14 1.28 0.267
Teleost 0.11 0.63 0.434
Shrimp -0.48 11.00 .003*
Crab 0.09 0.36 0.553
Cephalopod -0.15 1.63 0.212
Worm 0.37 1.30 0.264
Hard Ech/Moll 0.51 4.10 0.052
Mammal 0.09 0.28 0.601
Turtle 0.01 0.00 1.000  
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 Appendix H (continued): 
 
Tooth Shape df Model AIC Variable Slope Partial-F p
8, Upper CI 1,27 OLS 51.96 Elasmobranch -0.16 0.69 0.413
Teleost 0.41 3.97 0.057
Shrimp -0.59 7.17 0.012*
Crab 0.01 0.00 1.000
Cephalopod -0.18 1.24 0.275
Worm 0.32 0.47 0.499
Hard Ech/Moll 0.76 4.24 0.049*
Mammal 0.21 0.80 0.038
Turtle -0.44 1.59 0.218
PGLS 68.22 Elasmobranch -0.16 0.63 0.434
Teleost 0.26 1.01 0.324
Shrimp -0.64 7.61 0.012*
Crab -0.07 0.01 0.921
Cephalopod -0.28 2.12 0.157
Worm 0.35 0.41 0.527
Hard Ech/Moll 0.62 2.43 0.131
Mammal -0.06 0.05 0.825
Turtle -0.30 0.65 0.427
4, Upper NA 1, 32 OLS 367.54 Elasmobranch 21.28 8.35 0.007*
Teleost -3.26 0.22 0.642
Shrimp 6.70 0.77 0.387
Crab 0.79 0.01 0.920
Cephalopod 15.78 6.97 0.013*
Worm -7.39 0.28 0.600
Hard Ech/Moll -30.14 4.66 0.039*
Mammal -7.82 0.69 0.412
Turtle -6.77 0.24 0.628
PGLS 378.17 Elasmobranch 14.81 4.17 0.049*
Teleost -1.92 0.06 0.808
Shrimp 14.04 3.05 0.903
Crab -4.63 0.38 0.542
Cephalopod 14.90 5.40 0.027*
Worm -4.99 0.15 0.701
Hard Ech/Moll -36.88 6.50 .016*
Mammal -6.36 0.42 0.522
Turtle -6.16 0.21 0.650  
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 Appendix H (continued): 
 
Tooth Shape df Model AIC Variable Slope Partial-F p
7, Upper NA 1,29 OLS 411.89 Elasmobranch 38.97 4.60 0.041*
Teleost -30.38 2.51 0.124
Shrimp 27.25 1.65 0.209
Crab 1.64 0.01 0.921
Cephalopod 3.23 0.04 0.843
Worm -12.16 0.07 0.793
Hard Ech/Moll -33.37 0.86 0.361
Mammal -0.07 0.00 1.000
Turtle -8.03 0.06 0.808
PGLS 421.62 Elasmobranch 41.43 5.45 0.027*
Teleost -17.70 0.79 0.381
Shrimp 38.09 3.52 0.071
Crab -10.59 0.27 0.607
Cephalopod 13.09 0.66 0.423
Worm -4.77 0.01 0.921
Hard Ech/Moll -37.86 1.13 0.297
Mammal 0.13 0.00 1.000
Turtle -22.65 0.47 0.498
8, Upper NA 1,27 OLS 361.64 Elasmobranch 17.17 1.90 0.179
Teleost -31.26 5.27 0.030*
Shrimp 12.89 0.80 0.379
Crab -12.25 0.84 0.368
Cephalopod 10.97 1.06 0.312
Worm 13.79 0.20 0.658
Hard Ech/Moll -33.43 1.91 0.178
Mammal -12.07 0.60 0.445
Turtle 6.29 0.08 0.780
PGLS 373.10 Elasmobranch 10.73 0.72 0.404
Teleost -33.14 4.54 0.042*
Shrimp 9.26 0.41 0.527
Crab -9.79 0.48 0.494
Cephalopod 12.93 1.20 0.283
Worm 13.19 0.15 0.702
Hard Ech/Moll -28.25 1.34 0.257
Mammal -5.39 0.11 0.723
Turtle -0.65 0.00 1.000  
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 Appendix H (continued): 
 
Tooth Shape df Model AIC Variable Slope Partial-F p
4-5, Lower BO 1,28 OLS 357.83 Elasmobranch 9.45 0.83 0.370
Teleost -9.17 0.75 0.394
Shrimp -2.33 0.04 0.843
Crab -14.36 1.65 0.210
Cephalopod 5.94 0.46 0.503
Worm 2.39 0.02 0.889
Hard Ech/Moll 3.41 0.03 0.864
Mammal -0.36 0.00 1.000
Turtle -0.90 0.00 1.000
PGLS 342.98 Elasmobranch -1.52 0.04 0.843
Teleost -17.29 4.35 0.046*
Shrimp -14.95 3.18 0.085
Crab -5.63 0.47 0.499
Cephalopod -6.78 1.04 0.317
Worm -8.45 0.44 0.513
Hard Ech/Moll -3.43 0.06 0.808
Mammal -8.39 0.74 0.397
Turtle 13.86 1.08 0.308
4-5, Upper BO 1,24 OLS 312.48 Elasmobranch 3.12 0.11 0.743
Teleost 2.86 0.07 0.794
Shrimp -4.06 0.14 0.712
Crab -4.62 0.21 0.651
Cephalopod 1.86 0.05 0.825
Worm -4.40 0.06 0.809
Hard Ech/Moll -5.88 0.11 0.743
Mammal 7.19 0.37 0.589
Turtle -14.97 0.77 0.389
PGLS 294.45 Elasmobranch -5.35 0.72 0.405
Teleost -7.84 0.94 0.342
Shrimp -24.21 10.56 0.003*
Crab 6.46 0.01 0.921
Cephalopod -6.94 1.39 0.250
Worm 0.04 0.00 1.000
Hard Ech/Moll 5.29 0.18 0.675
Mammal -11.28 1.84 0.188
Turtle 10.25 0.08 0.780  
 349
 Appendix H (continued): 
 
Tooth Shape df Model AIC Variable Slope Partial-F p
7-8, Upper BO 1,25 OLS 333.34 Elasmobranch 5.07 0.22 0.643
Teleost -15.88 1.66 0.209
Shrimp -1.34 0.01 0.921
Crab -6.63 0.30 0.589
Cephalopod -0.07 0.00 1.000
Worm -9.56 0.12 0.732
Hard Ech/Moll -8.19 0.15 0.702
Mammal 2.13 0.02 0.889
Turtle -8.40 0.17 0.684
PGLS 317.91 Elasmobranch -6.51 0.71 0.407
Teleost -22.41 5.58 0.026*
Shrimp -16.01 2.83 0.105
Crab -6.78 0.61 0.442
Cephalopod -10.66 2.33 0.140
Worm 6.18 0.10 0.755
Hard Ech/Moll -14.56 0.94 0.342
Mammal -12.70 1.59 0.219
Turtle 19.64 2.03 0.167
1, Upper AAR 1,39 OLS 120.25 Soft -0.10 0.11 0.742
Medium 0.21 0.39 0.540
Hard 0.63 4.29 0.045*
PGLS 121.54 Soft 0.04 0.03 0.860
Medium 0.47 0.29 0.590
Hard 0.04 2.04 0.160
5, Upper CI 1,35 OLS 10.33 Soft 0.01 0.01 0.920
Medium 0.47 16.75 <0.001*
Hard 0.22 5.98 0.020*
PGLS 16.68 Soft -0.10 1.50 0.230
Medium 0.34 8.56 0.006*
Hard 0.15 2.54 0.120
1-2, Upper BO 1,33 OLS 369.95 Soft -0.44 0.00 1.000
Medium -28.55 4.47 0.042*
Hard -20.68 3.07 0.090
PGLS 371.42 Soft -10.17 1.07 0.309
Medium -31.64 6.17 0.019*
Hard -21.93 3.58 0.067  
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 Appendix H (continued): 
 
Tooth Shape df Model AIC Variable Slope Partial-F p
P, Upper CAR 1,29 OLS 92.62 Elasmobranch 0.25 0.71 0.406
Teleost -0.16 0.24 0.628
Shrimp -0.19 0.29 0.594
Crab -0.17 0.29 0.594
Cephalopod 0.38 2.18 0.151
Worm 0.75 0.95 0.338
Hard Ech/Moll 0.55 0.85 0.364
Mammal 0.09 0.05 0.825
Turtle 0.11 0.02 0.889
PGLS 92.02 Elasmobranch 0.17 0.44 0.512
Teleost -0.14 0.23 0.635
Shrimp -0.05 0.03 0.864
Crab -0.36 1.40 0.246
Cephalopod 0.48 4.11 0.052
Worm 0.78 1.36 0.253
Hard Ech/Moll 0.40 0.58 0.453
Mammal 0.77 4.41 0.045*
Turtle -0.87 1.55 0.223
A, Lower CA 1,32 OLS 440.07 Elasmobranch -30.73 3.23 0.082
Teleost -6.47 0.14 0.711
Shrimp -14.61 0.68 0.416
Crab 9.64 0.30 0.589
Cephalopod -9.17 0.43 0.517
Worm -73.64 4.95 0.033*
Hard Ech/Moll -31.93 0.92 0.345
Mammal 10.59 0.21 0.650
Turtle 42.97 0.90 0.350
PGLS 445.49 Elasmobranch -34.92 4.75 0.037*
Teleost -3.17 0.03 0.864
Shrimp 4.99 0.07 0.793
Crab -0.65 0.00 1.000
Cephalopod -5.06 0.12 0.731
Worm -65.37 5.06 0.032*
Hard Ech/Moll -32.16 1.01 0.322
Mammal 39.00 2.85 0.101
Turtle -70.01 0.03 0.864  
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 Appendix H (continued): 
 
Tooth Shape df Model AIC Variable Slope Partial-F p
A, Upper CA 1,32 OLS 437.89 Elasmobranch -41.12 5.99 0.020*
Teleost 28.86 3.23 0.082
Shrimp -32.64 3.63 0.066
Crab 6.90 0.17 0.683
Cephalopod -19.86 2.19 0.149
Worm -47.38 2.21 0.147
Hard Ech/Moll -18.53 0.34 0.564
Mammal -6.08 0.07 0.793
Turtle 45.59 1.08 0.607
PGLS 456.51 Elasmobranch -37.78 4.14 0.050
Teleost 26.84 1.97 0.170
Shrimp -13.40 0.40 0.532
Crab -5.83 0.01 0.921
Cephalopod -19.93 1.50 0.230
Worm -21.66 0.44 0.512
Hard Ech/Moll -29.74 0.66 0.423
Mammal -1.29 0.00 1.000
Turtle 23.70 0.22 0.642
A, Upper CI 1,32 OLS 439.86 Elasmobranch -16.04 0.88 0.355
Teleost -18.98 1.22 0.278
Shrimp -8.17 0.21 0.650
Crab 7.40 0.18 0.674
Cephalopod 16.76 1.45 0.237
Worm 3.89 0.04 0.843
Hard Ech/Moll -34.89 1.10 0.302
Mammal 52.40 5.04 0.032
Turtle -29.69 0.43 0.517
PGLS 447.42 Elasmobranch -14.61 0.79 0.381
Teleost -23.05 1.79 0.190
Shrimp -16.90 0.80 0.378
Crab 2.62 0.02 0.888
Cephalopod 23.37 2.54 0.121
Worm 25.75 0.75 0.293
Hard Ech/Moll -4.64 0.02 0.888
Mammal 42.91 3.29 0.079
Turtle -19.35 0.19 0.666  
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 Appendix H (continued): 
 
Tooth Shape df Model AIC Variable Slope Partial-F p
A, Upper NA 1,33 OLS 402.50 Elasmobranch 20.88 4.53 0.041*
Teleost -13.92 2.21 0.147
Shrimp 10.48 1.09 0.304
Crab 5.03 0.26 0.614
Cephalopod 15.07 3.68 0.064
Worm -2.47 0.02 0.888
Hard Ech/Moll -26.89 2.09 0.158
Mammal 3.40 0.06 0.808
Turtle -24.37 0.88 0.355
PGLS 421.72 Elasmobranch 15.48 2.05 0.162
Teleost -12.74 1.28 0.266
Shrimp 3.86 0.10 0.754
Crab 4.12 0.13 0.721
Cephalopod 19.70 4.19 0.049*
Worm -1.89 0.01 0.921
Hard Ech/Moll -16.68 0.60 0.444
Mammal 4.43 0.08 0.779
Turtle -4.22 0.02 0.888
L, Upper NA 1,33 OLS 432.27 Elasmobranch 21.74 2.51 0.123
Teleost -27.63 4.45 0.043*
Shrimp -1.67 0.01 0.921
Crab -1.28 0.01 0.921
Cephalopod 10.20 0.86 0.361
Worm 8.49 0.10 0.754
Hard Ech/Moll -29.71 1.31 0.261
Mammal -2.15 0.01 0.921
Turtle -24.53 0.47 0.498
PGLS 443.33 Elasmobranch 19.74 2.02 0.165
Teleost -29.86 4.24 0.047
Shrimp 9.23 0.34 0.564
Crab -8.91 0.38 0.542
Cephalopod 5.25 0.18 0.674
Worm 1.54 0.00 1.000
Hard Ech/Moll -46.46 2.81 0.103
Mammal -8.33 0.17 0.683
Turtle -28.92 0.58 0.452  
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 Appendix H (continued): 
 
Tooth Shape df Model AIC Variable Slope Partial-F p
P, Upper NA 1,29 OLS 377.93 Elasmobranch 30.84 7.15 0.012*
Teleost 28.63 5.32 0.028
Shrimp 22.47 2.70 0.111
Crab -4.35 0.20 0.658
Cephalopod 8.15 0.68 0.416
Worm 0.49 0.00 1.000
Hard Ech/Moll -33.15 2.04 0.164
Mammal 0.78 0.00 1.000
Turtle -32.06 1.12 0.299
PGLS 385.17 Elasmobranch 30.98 7.90 0.009*
Teleost -23.46 3.49 0.072
Shrimp 32.99 6.29 0.018*
Crab -17.76 1.83 0.190
Cephalopod 16.09 2.54 0.122
Worm 13.40 0.22 0.643
Hard Ech/Moll -35.10 2.46 0.128
Mammal 8.81 0.31 0.582
Turtle -58.81 3.83 0.060
L, Upper CI 1,38 OLS 61.55 Soft -0.16 1.18 0.284
Medium 0.05 0.01 0.921
Hard 0.19 1.40 0.244
PGLS 50.78 Soft -0.14 1.53 0.224
Medium 0.17 1.47 0.233
Hard 0.30 5.16 0.029*  
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